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Abstract

Cardiovascular diseases (CVDs) are the leading cause of death in the world.
Within the scenario of CVDs, atherosclerosis plays a key role, as it is respons-
ible for myocardial infarction, stroke, and vascular diseases.

Atherosclerosis is a complex multi-factorial in�ammatory disease of the arteries.
It is characterized by the accumulation of cholesterol containing low-density lipo-
proteins in the intima with subsequent activation of the endothelium. Then, the
recruitment of monocytes is promoted by chemokines and leukocytes adhesion
molecules. Monocytes di�erentiate into macrophages and upregulate pattern re-
cognition receptors, leading to foam-cell formation. The plaque starts to grow up
due to pro-in�ammatory cytokines. Increase in the in�ammatory activation may
induce plaque rupture and thrombus formation, leading to acute manifestation of
the disease with ischaemia and infarction.

Traditionally, two approaches have been extensively used to study the mechanisms
involved in atherosclerosis and to evaluate the e�ectiveness of therapies or devices:
in vitro and in vivo models.
In vitro methods are well-established, easy to perform and quantify, relatively not
expensive and allow to study isolated and controlled stimuli. Moreover, they are
suitable to investigate cell-cell interaction and cell migration when co-cultures with
di�erent cell types or cytokines are performed, but they lack of biological realism
and often the behaviour of cultured cells can be very di�erent from somatic cells
in vivo. In vivo models, instead, provide a complex environment and the possib-
ility to induce more realistic pathological conditions. They are still unavoidable
for testing hypothesis addressed by in vitro models and pharmacological treat-
ments. Nevertheless, the scienti�c community insists on the reduce, replacement
and re�nement (3 Rs) in the use of animals for experiments. Besides strong ethical
implications, animal models have also economical and technical drawbacks. The
supply, the maintenance, the facilities for animals are in fact very expensive, and,
technically, animal studies may fail to represent human diseases.

Ex vivo models can bridge the gap between in vitro and in vivo models, because
they permit to isolate and investigate speci�c stimuli, but without loosing the
complexity of the tissue. In addition, with ex vivo models the bias of the use
of animal tissue can be overcame. These approaches do not claim to substitute
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in vitro and in vivo models. But, instead, they yearn for supporting traditional
approaches.

Therefore, the goal of this doctoral thesis was to design and develop innovative ex
vivo models aiming at investigating di�erent aspects related to the atherosclerotic
process.

An innovative model for studying the cellular and molecular mechanisms involved
in the spreading of thrombosis is presented in Chapter 3. The culture system
consisted in a parallel-plate optically accessible chamber for culturing human ar-
terial slices exposed to a controlled blood �ow. Computational studies were used
to assess that shear rate produced on the arterial slice within the chamber is of
500 s-1. Moreover, the system proved to be compliant with standard laboratory
procedure and microscopy techniques, in particular with confocal microscopy. It
could be therefore used for culturing arterial slices with atherosclerotic plaques to
assess the nature of vascular components involved in thrombus formation. The
project was carried out in collaboration with the Cardiovascular Research Area of
IRCSS Ospedale San Ra�aele.

Chapter 4 is focused on the design, development and characterization of an ex vivo
culture system aimed at translating in ex vivo models procedures that have been
employed to study thrombosis in vivo. In particular, we focused on the ferric-
chloride induced thrombosis, that, as far as we know, has been studied only with
animal models. The bioreactor was designed and developed to culture whole vessels
with di�erent diameters and lengths under �uid-dynamic controlled conditions. A
�rst preliminary prototype is presented in the thesis. This bioreactor proved to be
suitable for culturing human vessels, but the manipulation of the samples could be
harmful for the vessel itself. Therefore, starting from the strengths of the biore-
actor, a second advanced prototype was developed. An innovative way to mount
the vessels within the system was designed and tested with porcine coronaries.
The ex vivo platform was realized exploiting additive manufacturing techniques.
The hydraulic characterization of the system proved that it is capable of inducing
a controlled �uid dynamic status on the vessel. Preliminary experiments with por-
cine coronaries were performed to assess the viability of the tissue cultured within
the system. Results proved that the structure of the vessel was generally preserved
and viability guaranteed. In perspective, the system could be used to induce vessel
damage and to study the cellular pathways involved. This platform, in fact, could
provide a reproducible and well controlled model of vessel damage and it is suit-
able for investigating the e�ects of pharmacological treatments. The preliminary
validation of the system was performed in collaboration with the Cardiovascular
Research Area of IRCSS Ospedale San Ra�aele.

In the chapter 5 a tissue-engineered model for studying atherosclerosis was investig-
ated. In fact, tissue-engineered inspired models have been used for their possibility
to maintain the complexity of in vivo structures, but controlling cellular compos-
ition. As a proof of concept, we cultivated adventitial progenitor cells on tubular
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electrospun sca�olds under �uid-dynamic conditions to assess angiogenic e�ects
of hypoxia. Angiogenesis, in fact, is an important trigger for the vulnerability of
the atherosclerotic plaque and it could be addressed as a therapeutic target. The
model proved to be suitable for this kind of consideration, but, before exploiting
its potentiality, technical problems must be solved. In fact, one main drawback of
tissue-engineered models is related to the necessity to adapt traditional analysis
protocols to these innovative approaches. The study was entirely performed at
the School of Translational Health Science of the University of Bristol, during a
six-months period sponsored by the Erasmus Plus Traineeship.

In the present Ph.D. thesis technical novelties were achieved. The platforms
presented could be therefore used for establishing biological novelties. Techno-
logical advancements comprised: i) the development of a parallel-plate chamber
addressed to human tissue instead of single cell populations, (ii) the development of
an innovative culture system for translating ex vivo ferric-chloride induced throm-
bosis model, and (iii) the study of angiogenic e�ects of hypoxia on adventitial
progenitor cells cultured in structure mimicking physiological conditions.
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�La scelta di un giovane dipende dalla sua inclinazione,

ma anche dalla fortuna di incontrare un grande maestro�

Rita Levi Montalcini



Chapter 1

Introduction



1.1 The clinical problem: cardiovascular diseases and

atherosclerosis

Cardiovascular diseases (CVDs) are a class of pathology that involve the heart and
the blood vessels. They include hypertension, coronary artery disease that can lead
to heart attack, cerebrovascular disease with possible consequent stroke, peripheral
vascular disease, heart failure, rheumatic heart disease, congenital heart disease
and cardiomyopathy. According to the World Health Organization, the CVDs are
the leading cause of death in the world [1], such as they currently provoke more
death each year than cancer and chronic lung disease combined [2].

The economic impact of CVDs have signi�cantly increased over the last two dec-
ades and it is projected to increase in the next years [2, 3]. The overall cost of
CVDs in the European Union in 2017 has been estimated at ¿ 210 billion a year,
with indirect costs related to the loss of productivity that are even comparable to
direct costs [4].

For all these reasons, CVDs and their complications are a running sore in the
healthcare of developed countries. Therefore, it is still worth it to deeply examine
the causes of the pathology and to study the processes involved in its progression,
with the �nal aim of proposing innovative and increasingly e�ective therapies.

Considering the main causes of CVDs, the atherosclerosis is responsible for a large
proportion of them, including myocardial infarction, cerebrovascular diseases and
pathology of the aorta and of the arteries, like hypertension and peripheral vascular
disease [5, 6].

Atherosclerosis is a complex multi-factorial phenomenon, characterized by a chronic
in�ammatory process of the arterial wall that arises in speci�c areas of disturbed
laminar �ow [7, 8].

The arterial wall in mammals consists of three histological layers.
The tunica intima is the internal part and it is composed by a monolayer of en-
dothelial cells (EC) and a thin layer of subendothelial connective tissue. The
endothelial lining plays as an interface with the blood and as a transducer of both
chemical and mechanical stimuli.
The internal elastic lamina separates the intima from the intermediate layer, the
tunica media. The media is composed by smooth muscle cells (SMCs) and extra-
cellular matrix (ECM), that mainly comprises elastin, collagen and proteoglycans.
The media stands the biomechanical stimuli and supports the blood vessel.
Finally, the outer layer is the tunica adventitia, separated from the tunica media
by the external elastic lamina. Fibroblasts (FB) and a loose connective tissue con-
stitute the adventitia, where it is possible to �nd the vasa vasorum, small vessels
that supply oxygen and nutrients to the vascular wall [9, 10]. Perivascular fat
surround most blood vessels, releasing important vasoactive factors and playing
other relevant physiological roles [11, 12] (Figure 1.1).
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Perivascular adipose tissue

External elastic lamina

Internal elastic lamina
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Perivascular nerve
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Tunica intima

Tunica adventitia

Tunica media

Figure 1.1: Structure of arteries. The picture show a 3D model of the layers composing the vascular wall.
The model was constructed adjusting data from laser scanning confocal microscopy. The three histological
layers (tunica intima, media and adventitia) are surrounded by the perivascular adipose tissue. Each
layer is characterized by di�erent cellular components: the intima is mainly composed by endothelial
cells, the media by smooth muscle cells and the adventitia, deeply connected with the adipose tissue, by
�broblasts. Adapted from [13].

The �rst event that occurs in the arterial wall (Figure 1.2) during the atheroscler-
otic process is the endothelial dysfunction. This is related to structural alterations
with the exposure of proteoglycans and the loss of continuity of the luminal elastin
layer.
Low-density lipoproteins (LDL) can then penetrate and accumulate in the subendothelial
area, triggering the in�ammatory response [8]. Reactive species and enzymes
secreted by in�ammatory cells provoke the oxidation of LDL and lipids and the
consequent release of phospholipids that activate endothelial cells, especially in
sites with disturbed �uid-dynamics, as mentioned above.
ECs activation results in an increased expression of adhesion molecules, like the
vascular-cell adhesion molecule 1 (VCAM-1), and in�ammatory genes [14]. There-
fore, activated endothelial cells, that normally would resist the adhesion of leuko-
cytes, cause rolling blood cells to adhere to the vascular surface.
Chemokines released in the intima stimulate the migration of the attached blood
cells into the subendothelial layer. Monocytes are then targeted by chemokines
and other growth factors and di�erentiate into macrophages. Macrophages in
turn are ligated by several endogenous and microbial molecules through pattern-
recognition receptors (especially toll-like receptors). As a consequence, in�ammat-
ory cytokines, chemokines and other molecules are released in the intima with a
resulting in�ammation and tissue damage[15, 16, 17].

The inclusion of lipids within the macrophages generate the foam cells, but at
this stage isolated foam cells or small pool of foam cells are not considered yet
atherosclerosis and the process is still reversible [18].

As the accumulation of foam cells increase, fatty streaks appear and give rise to
the atherosclerotic lesion [20](Figure 1.3). The progression of the lesion involves
the migration of SMCs from the media to the intima, the proliferation of intimal
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Figure 1.2: The �rst steps in the atherosclerotic process. The dysfunction of the endothelium allow
the in�ltration of low-density lipoproteins (LDL) in the intima and the activation of the in�ammatory
response (i). In�ammatory molecules induce the oxidation of LDL and lipids and the activation of
endothelial cells (ii), which make circulating monocytes to adhere to the vascular surface (iii). Chemokines
in the intima induce the migration of monocytes and the di�erentiation into macrophages (iv), that include
lipids forming the so called foam cells (v). Adapted from Tymchuk et al. [19].

and of media-derived SMCs and the synthesis of ECM macromolecules (e.g., col-
lagen, elastin and proteoglycans). In advancing lesions, macrophages and SMCs
of the plaque can be subjected to apoptosis and the resulting accumulation of ex-
tracellular lipid from apoptotic bodies often denote the necrotic core in the centre
of the plaque [21].

Atherosclerotic lesions alone may obstruct blood �ow into the vessels and their
clinical manifestation is a stable angina pectoris, but this is rarely fatal [22].

Advanced lesions are indicated with the term atheromas or �broatheromas; these
lesions present a �brous cap constituted mainly by SMCs. The advanced lesions
are characterized by the presence of vascularization [20, 23].

The ultimate complication of the atherosclerosis is the thrombosis, which often
follow a physical disruption of the atherosclerotic plaque [21]. The rupture of the
plaque, in fact, is more frequent than the plaque erosion, and it is the major cause
of acute coronary syndrome. Plaques subjected to rupture present characteristic
features as a thin �brous cap made mainly by type I collagen and a small necrotic
core.
After the rupture, the necrotic core components are exposed to the circulating
blood and trigger the activation of the coagulation cascade. This process induces
the formation of a thrombus inside the lumen and the consequent interruption of
the blood �ow in the vessel with fatal clinical outcomes [24, 25, 26].
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Figure 1.3: Progression of the atherosclerotic plaque and thrombosis. As foam cells increase, they stimu-
late the release of cytokines and eventually undergo apoptosis, contributing to the formation of a necrotic
core (i). This process is accompanied by the migration of smooth muscle cells from the media to the
intima and the formation of a �brotic cap (ii). The lesion continues to grow and become unstable (iii).
The vulnerable plaque can be subjected to rupture, which results in the formation of a thrombus (iv).
Adapted from Tymchuk et al. [19].

1.2 Rationale of the doctoral project

My doctoral project deals with the design and the development of innovative
methods and culturing platforms for studying some mechanisms involved in the
progression of the atherosclerosis.

In particular, the aim is to analyse di�erent aspects related to the atherosclerotic
process and to propose for each aspect an ex vivo approach that suits laboratory
practice.

Starting from speci�c needs coming from the analysis of the state of the art, we
designed solutions that are alternative to in vitro assays and animals models.
These ex vivo models could not be considered, of course, as a replacement of
the traditional strategies used in laboratory, but they can represent a reliable
and powerful aid for analysing the pathology with a di�erent multi-disciplinary
approach. In fact, they allow to study complex structures, to isolate and control
the stimuli addressed to the tissue and to perform experiments with human tissue.
For all these reasons, they can in some ways �ll the gap between in vitro and in
vivo models [27, 28].

Moreover, the availability of new ex vivo models o�ers not only the possibility to
investigate the pathological cues involved in a disease but also to facilitate the
pre-clinical screening of potential pharmacological treatments and medical devices
[29, 30].
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In this doctoral project, we mainly focused on the development of culture platforms
to study three speci�c aspects related to atherosclerosis: the cellular composition
of thrombi, the players involved in the mechanism of thrombosis and the angiogenic
pro�le of some cellular components of the vascular wall.

The approach of the work has a strong multi-disciplinary nature, the models were
developed in collaboration with a team of biologists and clinicians.

This project was prominently experimental, supported by computer aided design
and numerical modelling. The designing and prototyping of the ex vivo culture
systems were performed at the Laboratory of Experimental Micro- and Bio�uid-
dynamics (μBS Lab) of the Dipartimento di Elettronica, Informazione e Bioingegn-
eria of the Politecnico di Milano (Milano, Italy). A preliminary biological valida-
tion campaign with human samples was performed at the Cardiovascular Research
Area of IRCCS Ospedale San Ra�aele of Milano (Milano, Italy). One part of the
project was carried out at the School of Translational Health Science of the Uni-
versity of Bristol (Bristol, UK) supported by the Erasmus Plus Traineeship.

1.3 Outline of the thesis

The dissertation consists of four main chapters that describe the various steps
that brought to the realization of the di�erent platforms designed in this doctoral
project. After a chapter dealing with the state of the art, each chapter hinges on a
single platform/model and highlights the characteristic aspects of the engineering
solutions applied to address speci�c requirements.

The Chapter 2 presents a short excursus on the current strategies used to study
the pathophysiology of atherosclerosis, showing limitations and potentialities of
each strategy.

In Chapter 3 an innovative platform for studying the cellular composition of the
thrombus by culturing slices of arteries is presented. The project was carried out
in collaboration with the Cardiovascular Research Area of IRCSS Ospedale San
Ra�aele.

Chapter 4 is focused on the design, development and characterization of an ex vivo
culture system to condition a whole vessels with the �nal aim of translating ex
vivo the mechanisms used to study thrombosis in animal models. A preliminary
validation of the system was performed in collaboration with the Cardiovascular
Research Area of IRCSS Ospedale San Ra�aele.

In Chapter 5 it is presented the model of a synthetic vascular graft to assess the
angiogenic pro�le induced by hypoxia on adventitial progenitor cells. Angiogenesis,
in fact, is an important trigger for the vulnerability of the atherosclerotic plaque
and it could be addressed as a therapeutic target. The project was carried out
at the School of Translational Health Science of the University of Bristol and
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supported by the Erasmus Plus Traineeship.

In Chapter 6, a general discussion of the PhD dissertation and conclusive remarks
are presented.

7



8



Bibliography

[1] World Health Organization. World health statistics overview 2019: monit-
oring health for the SDGs, sustainable development goals. In World health
statistics overview 2019, Geneva, 2019. World Health Organization.

[2] E. J. Benjamin, P. Muntner, A. Alonso, et al. Heart Disease and Stroke
Statistics 2019 Update: A Report From the American Heart Association.
Circulation, 139(10):e56�e528, 2019.

[3] L. E. Rohde, E. G. Bertoldi, L. Goldraich, and C. A. Polanczyk. Cost-
e�ectiveness of heart failure therapies. Nature Reviews Cardiology, 10(6):338�
354, 2013.

[4] K. Kotseva, L. Gerlier, E. Sidelnikov, et al. Patient and caregiver productiv-
ity loss and indirect costs associated with cardiovascular events in Europe.
European Journal of Preventive Cardiology, 26(I):1150�1157, 2019.

[5] J. Frostegard. Immunity, atherosclerosis and cardiovascular disease. BMC
Medicine, 11:117�130, 2013.

[6] W. Herrington, B. Lacey, P. Sherliker, J. Armitage, and S. Lewington. Epi-
demiology of Atherosclerosis and the Potential to Reduce the Global Burden
of Atherothrombotic Disease. Circulation Research, 118(4):535�546, 2016.

[7] V. Mehta and E. Tzima. A turbulent path to plaque formation Sharks shift
their. Nature, 540:531�532, 2016.

[8] C. Weber and H. Noels. Atherosclerosis: Current pathogenesis and thera-
peutic options. Nature Medicine, 17(11):1410�1422, 2011.

[9] C. Camaré, M. Pucelle, A. Nègre-Salvayre, and R. Salvayre. Angiogenesis in
the atherosclerotic plaque. Redox Biology, 12(2017):18�34, 2017.

[10] D. Wang, Z. Wang, L. Zhang, and Y. Wang. Roles of Cells from the Arterial
Vessel Wall in Atherosclerosis. Mediators of In�ammation, 2017(2017):1�9,
2017.

[11] W. Wang and P. Seale. Control of brown and beige fat development. Nature
Reviews Molecular Cell Biology, 17(11):691�702, 2016.

9



[12] C. K. Cheng, H. A. Bakar, M. Gollasch, and Y. Huang. Perivascular Adipose
Tissue: the Sixth Man of the Cardiovascular System. Cardiovascular Drugs
and Therapy, 32(5):481�502, 2018.

[13] C. J. Daly. Examining Vascular Structure and Function Using Confocal Mi-
croscopy and 3D Imaging Techniques, pages 97�106. Springer International
Publishing, Cham, 2019.

[14] G. K. Hansson. In�ammation, Atherosclerosis, and Coronary Artery Disease.
The New England Journal of Medicine, 325(16):1685�1695, 2005.

[15] P. Libby. In�ammation in atherosclerosis. Nature, 420(6917):868�874, 2002.

[16] I. Tabas, G. García-Cardeña, and G. K. Owens. Recent insights into the
cellular biology of atherosclerosis. Journal of Cell Biology, 209(1):13�22, 2015.

[17] M. C. Flynn, G. Pernes, M. K. S. Lee, P. R. Nagareddy, and A. J. Murphy.
Monocytes, Macrophages, and Metabolic Disease in Atherosclerosis. Frontiers
in Pharmacology, 10:666, 2019.

[18] W. Insull Jr. The Pathology of Atherosclerosis: Plaque Development and
Plaque Responses to Medical Treatment. The American Journal of Medicine,
122(1):S3�S14, jan 2009.

[19] C. N. Tymchuk, J. Hartiala, P. I. Patel, M. Mehrabian, and H. Allayee.
Nonconventional genetic risk factors for cardiovascular disease. Current Ath-
erosclerosis Reports, 8(3):184�192, 2006.

[20] A. P. Burke, A. Farb, F. D. Kolodgie, J. Narula, and R. Virmani. Atheroscler-
otic plaque morphology and coronary thrombi. Journal of Nuclear Cardiology,
9(1):95�103, 2002.

[21] P. Libby, P. M. Ridker, and G. K. Hansson. Progress and challenges in
translating the biology of atherosclerosis. Nature, 473(7347):317�325, 2011.

[22] J. F. Bentzon, F. Otsuka, R. Virmani, and E. Falk. Mechanisms of plaque
formation and rupture. Circulation Research, 114(12):1852�1866, 2014.

[23] F. Otsuka, S. Yasuda, T. Noguchi, and H. Ishibashi-Ueda. Pathology of
coronary atherosclerosis and thrombosis. Cardiovascular diagnosis and ther-
apy, 6(4):396�408, 2016.

[24] P. K. Shah. Mechanisms of plaque vulnerability and rupture. Journal of the
American College of Cardiology, 41(4 Supplement):S15 LP � S22, feb 2003.

[25] K. Sakakura, M. Nakano, F. Otsuka, et al. Pathophysiology of atherosclerosis
plaque progression. Heart Lung and Circulation, 22(6):399�411, 2013.

[26] T. Quillard, G. Franck, T. Mawson, E. Folco, and P. Libby. Mechanisms of
erosion of atherosclerotic plaques. Current opinion in lipidology, 28(5):434�
441, 2017.

10



[27] L. Hung, H. Obernolte, K. Sewald, and T. Eiwegger. Human ex vivo and in
vitro disease models to study food allergy. Asia Paci�c allergy, 9(1):e4�e4,
2019.

[28] A. F. Moleiro, G. Conceição, A. F. Leite-Moreira, and A. Rocha-Sousa. A
Critical Analysis of the Available In Vitro and Ex Vivo Methods to Study
Retinal Angiogenesis. Journal of ophthalmology, 2017:3034953, 2017.

[29] A. F. van de Merbel, G. van der Horst, M. H. van der Mark, et al. An ex vivo
Tissue Culture Model for the Assessment of Individualized Drug Responses in
Prostate and Bladder Cancer. Frontiers in Oncology, 8(October):1�8, 2018.

[30] H. Cui, S. Miao, T. Esworthy, et al. 3D bioprinting for cardiovascular regen-
eration and pharmacology. Advanced Drug Delivery Reviews, 132:252�269,
2018.

11



12



Chapter 2

Tools and procedures to study

the pathophysiology of

atherosclerosis



2.1 Current strategies for studying atherosclerosis

Atherosclerosis is a complex disease, characterized by a chronic interplay of in-
�ammatory conditions [1], involving both biochemical and cellular events [2]. Epi-
demiological studies in the last 50 years identi�ed a wide range of risk factors
that could be divided between genetic and environmental factors, with complex
interactions among each other [3, 4]. Although the outcome of this deteriorating
process can be easily monitored via angiography, the causes and the links among
each event are still controversial[5].

Di�erent conventional and innovative approaches are available for investigating
pathogenesis and mechanisms of atherosclerosis. It is possible to identify three
main classes of possible approaches: in vitro, in vivo and ex vivo models.

Traditional in vitro models of atherosclerosis mainly consist of endothelial cultures
exposed to presumed risk factors, such as in�ammatory factors or oxidized LDL
[6]. Lalonde et al., for example, induced endothelial dysfunction in cultured ECs
with tumor necrosis factor-α (TNF-α) to study the genes involved in the regula-
tion of vascular homeostasis by ECs [7]. Vicen et al., instead, cultured ECs with
7-ketocholesterol to evaluate the e�ects of cholesterol on the regulation of a gly-
coprotein (i.e., the endoglin) which is strongly involved in endothelial dysfunction
and in�ammation [8].

In vitro models for studying atherosclerosis often involve co-cultures of human ECs
with SMCs or human leukocytes, to mimic an atherogenic environment. In vitro
co-culture models used to study atherosclerotic events can be divided in three main
groups: (i) indirect cultures with cell-conditioned media or transwell, (ii) direct
cell contact co-cultures, and (iii) gel sca�old co-cultures [2, 9]. As examples of
indirect co-cultures, Wang et al. used the conditioned media collected from bone-
marrow derived mesenchymal stem cells to induce in vascular SMCs calci�cation,
which is a common �nding in human atherosclerotic lesions [10]. Noonan et al.,
instead, used a transwell system to replicate an atherosclerotic culture with a
triple-cell co-culture with ECs, SMCs and macrophages [11]. Direct co-cultures
were exploited, for example, by Hung et al. and by Gao et al. who made co-cultures
of neutrophils and exosomes secreted from ECs treated with oxidized LDL to assess
the involvement of some speci�c exosomes into the atherosclerotic process[12, 13].
Lavender and colleagues made a direct co-culture of ECs on SMCs mimcking
the physical and physiological proximity of these populations to investigate ECs
alterations induced by SMCs [14]. Finally, gel sca�old co-cultures can be found
in the work of Dorweiler et al. that designed an in vitro model for studying the
plaque development in atherosclerosis using a modi�ed �brin gel as a sca�old for
the co-culture of ECs and SMCs [15].

Since the relationship between blood �ow and atherosclerotic process has been
well established for over 40 years, advanced in vitro models of atherosclerosis
are based on the use of platforms that allow to perform blood �ow or medium
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�ow controlled experiments on cultured ECs [16]. The �rst approach used to
induce a shear stress on cultured ECs exploited the geometry of the cone-and-
plate viscometer (Figure 2.1.a). Examples of cone-and-plate chambers to study
atherogenic stimuli on endothelial cells can be found in Franzoni et al. [17] and
Slegtenhorst et al. [18]. Another strategy is represented by parallel-plate �ow
chamber (PPFC) setups (Figure 2.1.b). These systems are versatile and permit to
induce controlled variation of surface composition, geometry, cell types and �uid-
dynamic conditions. Early events of the atherosclerotic process can be studied, for
example, reproducing a disturbed �ow with a speci�c geometry, as Balaguru et al.
did in their work [19] or exploiting a pump with oscillatory �ow rate as presented
in the work of Wang et al.[20]. PPFCs have been used not only to assess changes
induced in ECs by di�erent shear stress conditions, but also to model the adhesion
of leukocyte to endothelium under �ow conditions [16]. An example is shown in
the work of Erbeldinger et al. who developed a PPFC to investigate the changes
induced by an in�ammatory signal (i.e., radiations) on the interactions between
leukocytes and endothelium [21]. Several modi�cations to PPFCs design have been
carried out from many groups to explore di�erent topics but also many commercial
�ow systems are available for scientists without an engineering background [16].

a b

endothelial cells

Figure 2.1: Schematic representation of traditional in vitro systems. (a) The cone-and-plate geometry
adopts the viscometer strategy to stimulate with shear stress the endothelial cells, while (b) in the parallel-
plate �ow chambers a calibrated height of the chamber or a particular design permits to stimulate with
a speci�c shear stress a monolayer of cells. Adapted from Chiu and Chien [22].

The more recent version of �ow chambers is represented by micro�uidic devices [16,
6]. Micro�uidics exploits micro-engineering techniques, like photolithography, to
produce chambers with nanometer dimensions in polydimethylsiloxane (PDMS).
PDMS is an optically-clear, inert, non-toxic, gas permeable and cost-e�ective poly-
mer. The devices are usually realized by curing PDMS over master molds and then
bonding the chamber onto a microscope coverslip by plasma or vacuum [23]. Cells
can be cultured in the devices and then exposed to blood or culture medium with
di�erent �uid-dynamic patterns.
Micro�uidic chambers, compared to traditional parallel-plate devices, o�er lower
volumetric �ow rates and the possibility to create precise channel geometries that
mimic physiological or pathological conditions. In addition, one major advantage
of micro�uidic chambers is the possibility to have a spatial control of the microen-
vironment properties. For example, Westein et al. reproduced in a micro�uidic
platform the complex geometry and the �uid-dynamic of an atherosclerotic plaque.
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In the device, they evaluated shear-dependent thrombus formation by culturing
ECs into stenotic microchannels and exposing them to blood �ow[24].

In vitro models are useful not only as methods to investigate the mechanisms
involved in the atherosclerotic process, but also as support in the development of
new pharmaceutical products. To ful�l this aim, it is necessary to have models
that are simple but that, at the same time, retain the likeness to the structure of
interest [5]. In this scope, micro�uidic platforms have demonstrated to be suitable
for investigating the e�ects of pharmacological agents on human ECs, as shown in
the work of Zhang et al., who developed a system with an engineered micro-vessel
network for testing drug e�cacy and toxicity[25].

The second traditional method to study atherosclerosis is represented by animal
models. For each speci�c atherosclerotic study it is essential to choose the ap-
propriate animal model. The American Heart Association, with this regard, drew
up a list of recommendations on the choice of the proper animal model for each
kind of study [26]. A perfect animal model should be a replica of human anatomy
and pathology to have the possibility to transfer the results obtained directly to
human. Although this perfect copy of human physiology and pathology does not
exist, animals can be manipulated to induce particular conditions[16, 27]. Other
important requirements for animals used for in vivo models are low cost, easy
supply and well-de�ned genetic characteristics. In addition, the animals should
develop lesions spontaneously after consuming a diet comparable to human diet,
even though this requirement is often failed, due to lesion topography not similar
to humans [28]. In many cases, �ow-dependant atherosclerosis is studied not only
in areas with naturally disturbed �ow, but also inducing modi�cation of the �ow
through interventions [16].

Over the last years, mice have been the most used species to study atherosclero-
sis because of their rapid reproduction and ability to monitor the progression of
the disease. However, their lipid pro�le is quite di�erent from the human one, so
genetic manipulation is required [29]. The two mice models most used to study
the atherosclerotic process are apoliprotein E de�cient (Apoe-/-) mouse and LDL
receptor-de�cient mouse (Ldlr -/-)[30]. Examples could be found in the works of,
respectively, Vromman et al., who studied the role of a targeting interleukin in
atherogenesis in Apoe-/-mice [31], and of Kiss et al., who investigated the role of
the haematopoietic complement factor H, a protector of tissue damage, in ather-
osclerosis using Ldlr -/-mice [32].

Compared to mice, larger animals are, in contrast, more expensive and the de-
velopment of atherosclerotic lesions requires more time, but they �t the speci�c
requirements of some studies. A few studies have been carried out in species as
rats, hamster, pigeons and chickens [16], but the most used larger animals are
rabbits, pigs and nonhuman primates (NHPs) [29].

Rabbits are very sensitive to a cholesterol diet and they made a great contribution
to translational research in the �eld of human lipoprotein metabolism and ath-
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erosclerosis, even though it is necessary to re�ne the rabbit genome information
[33]. A recent example is the study performed by Nie et al. to investigate in a
rabbit model the correlation between hypoxia and plaque instability in advance
atheromas [34].

Pigs, due to their dimensions, are models of human-like atherosclerosis, provide
large RNA amount for the analyses and o�er the possibility to perform percu-
taneous interventions [16]. The most important limitations of pig models are
related to the costs for supplying and maintaining the animals and the long time
needed to induce atherosclerosis. In addition, the atherosclerotic lesions can arise
at unpredictable sites[35]. One example of a porcine model is shown in the work
of Badin and colleagues; they used a swine model to examine the e�ects of dia-
betes and of di�erent concentrations of intracellular free calcium on the severity
of coronary atherosclerosis[36].

Atherosclerosis and lipoprotein metabolism has also been studied in nonhuman
primates (NHPs) [29]. NHPs develop atherosclerosis and cardiovascular diseases
spontaneously and age-related co-morbidities are accelerated proportionally faster
than in humans. In addition, their size permits to conduct biopsy samples at
di�erent time points and to use advanced imaging techniques. The use of NHPs
has been limited by the costs and the di�culties of genetic studies [37]. Tadin-
Strapps and colleagues carried out in vivo experiments with lean rhesus macaque
monkeys to evaluate the role played by a speci�c lipoprotein in atherosclerosis
progression [38].

A third possible approach is represented by ex vivo systems, that will be discussed
in detail in the following paragraphs.

2.2 The importance of developing ex vivo system

In the previous paragraph, a short focus on the in vitro and the in vivo models
used to model the atherosclerotic process was presented.

In vitro methods have been critical in �nding out molecular and cellular mechan-
isms involved in the onset and progression of atherosclerotic lesions. These studies
have traditionally been used in biology laboratories, so they are well-established,
easy to perform and quantify, relatively not expensive and allow the study of isol-
ated and controlled stimuli. Moreover, they are suitable for investigating cell-cell
interaction and cell migration when co-cultures with di�erent cell types or cy-
tokines are performed. On the other hand, they lack of biological realism and
often the behaviour of cultured cells can be very di�erent from somatic cells in
vivo [16].

In vivo models, instead, provide a complex environment and the possibility to
induce more realistic pathological conditions, as long as the correct animal model
has been chosen. They are still unavoidable to test hypothesis addressed by in
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vitro models and to test the safety and the e�cacy of drugs and medical devices.
However, the scienti�c community insists on the reduce, replacement and re�ne-
ment (3 Rs) in the use of animals for experiments [39, 40]. Besides strong ethical
implications, animal models have also economical and technical drawbacks. The
supply, the maintenance, the facilities for animals are in fact very expensive, and,
technically, animal studies may fail to represent human diseases, due to relevant
di�erences with the mammalian immune systems [41].

Considering all these aspects, ex vivo models represent a good combination of the
best of in vivo and in vitro systems (Figure 2.2). In fact, although retaining the
advantage of controlling experimental conditions, ex vivo studies can be performed
keeping the cells in their native tissue, which permits to create more realistic
experimental environments. In ex vivo experiments it is possible to reproduce
both in vivo-like mechanical and chemical stimuli [16] as pulsatile �ow, cyclic
stretch, pressure [42], and, respectively, gradients of oxygen [43]. Moreover, ex vivo
systems o�er the possibility to perform experiments with human tissue, avoiding
then the translational problems observed in animal models [44, 45]. Although
in vivo models are still unavoidable in the pre-clinical evaluation of therapeutic
strategies, medical devices and pharmacological treatments, ex vivo systems can
play as a preliminary screening of the potential solutions, reducing the product
development cycle by implementing di�erent prototype modi�cations in ex vivo
studies [46].

For all these reasons, the use of ex vivo systems can bridge the gap between in
vitro and animal models and can help in designing a complete and thorough study.

Figure 2.2: The importance of developing ex vivo models. Ex vivo models bridge the gap between in
vitro and in vivo studies. In fact, they allow to perform experiments with controlled stimuli in a more
realistic scenario than in vitro models but, at the same time, permit to use human tissue and to reduce
the costs and the ethical issues related to animal tests.
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2.2.1 Ex vivo systems for the study of the atherosclerotic process

It has been since the early 1990s that ex vivo models have been used to replicate
successfully physiological and pathological in vivo conditions. These models, in
general, are constituted by explanted arteries or vein segments cannulated within a
culture chamber. The vessel sample is preserved in culture medium enriched with
nutrients and connected to a perfusion circuit. Therefore, the hydraulic system
can provide the control of intra-luminal pressure, �ow pulsatility and �ow rate.
As an alternative, speci�c designs are developed to induce biochemical stimulation
to the tissue (e.g., gradients of oxygen or in�ammatory molecules). In addition,
working in a sterile environment and keeping the system in a controlled atmosphere
(i.e., a cell culture incubator), potentially long-term organ culture studies can be
performed[16].

Beyond the traditional ex vivo systems, engineered tissue have gained importance
as disease models. In fact, the rapid expansion of cardiovascular tissue engineering
o�ered the possibility to develop biomaterials and engineered tissue, which have
been widely studied in the regeneration �eld, but which can also be suitable to
model diseases, assess pharmacological treatments, and to evaluate devices before
pre-clinical work [47].

In the following paragraphs we focused on some recent examples of vessel perfusion
systems and tissue engineering-derived models for the study of vascular diseases.

2.2.1.1 Ex vivo whole vessel culture systems

Whole tissue cultures have been extensively employed in ex vivo models because
the use of native tissues permit to keep in consideration complex aspects as the
multiple cellular composition and the interactions between cells and ECM, which is
di�cult to obtain in simple two-dimensional cell cultures. Over the last decades,
organ cultures have been performed using bioreactors, which can be de�ned as
complex systems that permit to culture cells or tissues in a well-de�ned biological
environment [48].
In the �eld of cardiovascular diseases, many aspects of the atherosclerotic process
have been addressed by ex vivo vessels culture systems (EVCS) using both animal
and human tissue.

Since the correlation between the onset of atherosclerosis and areas with a dis-
turbed �uid dynamics has been widely accepted [22, 49, 50, 51], many EVCS
have been developed to elucidate the e�ects of this biomechanical stimulus. One
example is the work of Lu and Kassab. This study describes an ex vivo model to in-
vestigate the relations between reverse �ow and the reduction of athero-protective
factors as nitric oxide (NO) in explanted porcine carotid and femoral arteries. In
the culture system, these segments were cannulated and stretched in an organ
bath with Krebs solution at 36=37°C and subjected to a controlled �ow rate in
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both directions[52].

Ex vivo models can provide interesting insights even on the e�ects induced on
the wall of elastic arteries by the vascular mechanical environment. Leloup and
colleagues, for example, investigated the alteration of the contractile properties of
aortic segments with a bioreactor[42] designed to stimulate mouse aortic segments
with di�erent controlled cyclic stresses. In the system, aortic segments were moun-
ted between to parallel wire hooks in an organ bath and force and displacement
of the upper hook were controlled and measured through a transducer[53].

Besides biomechanical stimuli, also biochemical stimuli play a key part in the pro-
gression of atherosclerotic lesions[54, 55, 56]. Among these, in�ammatory cues
have been broadly studied using EVCS not only to understand their role in ath-
erosclerosis, but even as therapeutic target. In the work of Alexander et al., an
endothelium-mimicking nanomatrix with potentially anti-in�ammation properties
was tested on rat mesenteric arterioles cultured in a custom made chamber (Fig-
ure 2.3.a). In the chamber, the isolated arterioles were cannulated with glass
micropipettes, secured with mono�lament suture, pressurized and cultured with
the nanomatrix. To assess the anti-in�ammatory properties, it was evaluated the
release of NO induced by the nanomatrix (Figure 2.3.b)[57].

The complex interactions between cellular populations and the immune system is
another crucial aspect related to the development of the atherosclerotic plaque.
Nevertheless, many aspects of this phenomenon remain unrevealed, due to tech-
nical limitations. In vitro systems, in fact, cannot faithfully reproduce all the in-
tercellular interactions within human atherosclerotic plaques, animal arterial wall
composition is di�erent from human and the in vivo access to human atheroscler-
otic plaques is limited. Lebedeva and colleagues proposed therefore a new ex vivo
model of human atherosclerotic plaques. Their model was based on a technique of
histoculture that permits to maintain mammalian tissue for weeks at the air-liquid
interface [58, 59]. Their approach proved to be useful to investigate the function
of immune cells in the context of complex cell�cell interactions within the tissue
in atherogenesis[60].

The remodelling of the vascular wall after injury is a critical point in the formation
of atherosclerotic plaques. Kural et al. developed an ex vivo model for investig-
ating the response to intraluminal arterial injuries with a bioreactor that enables
the control of intramural pressure and shear stress. The system allows to isolate
di�erent factors and to explore the complex interactions between ECs and SMCs
in the arterial remodeling. After a validation with animal tissue (i.e., rat aorta),
human tissue (i.e., human umbilical artery) was cultured into the bioreactor, over-
coming the issues related to the di�erences between animal and human tissue. The
bioreactor consisted of a glass medium reservoir where the vessels were placed after
being cannulated with glass pipettes and secured with silk sutures (Figure 2.3.c).
The re-circulation of the medium was obtained by a hydraulic circuit connected to
a peristaltic pump. Parameters like �ow rate, intramural pressure and wall shear
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stress were adjusted by varying pump speed, tubing resistance and media viscosity
[61].

Finally, ex vivo bioreactors with excised tissue o�er the possibility to evaluate the
performances of biomedical devices. These devices interact with the surround-
ing tissue, inducing in some cases modi�cation that can lead to atherosclerosis in
the vessel[62, 63]. Viability of the tissue, vascular response, drug release, phar-
macokinetics and tissue penetration are the parameters considered for evaluating
the devices [64, 65]; Mundargi et al. designed a simple ex vivo bioreactor with
biosensors to monitor real time the viability and the response of the tissue. The
system was validated with porcine carotid arteries mounted in a sterile glass cham-
ber �lled with medium and connected to a reservoir and to the peristaltic pump
(Figure 2.3.d). Initial experiments indicated that shear stress and oxygen levels
in the bioreactor are vital parameters in deciding the tissue viability. The system
proved to be capable of monitoring vascular responses in the setup and, therefore,
that can be used for screening biopharmaceutical drugs and biomedical devices
[46].

Figure 2.3: Examples of ex vivo models exploiting whole vessel culture. (a) Experimental setup and
(b) culture chamber of the ex vivo model developed by Alexander et al. to study anti-in�ammation
properties of a nanomatrix on rat mesenteric arterioles. Adapted from Alexander et al. [57]. (c) In the
model proposed by Kural the vessel, animal or human, is placed within a simple bioreactor controlling
arterial shear stress and intramural pressure. Adapted from Kural et al. [61]. (d) The sensor-enabled ex
vivo bioreactor designed by Mundargi et al. consists of a chamber containing the selected artery placed
in an aluminium block with control of the temperature. The circulation of the medium from the reservoir
to the vessel is obtained with a peristaltic pump. Adapted from Mundargi et al.[46].
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2.2.1.2 Tissue-engineered vascular models

The expansion of tissue engineering has provided in the last decades an increas-
ingly larger number of three-dimensional models, including spheroids, hydrogels,
ECM-derived matrices, sca�olds, and decellularised tissues and organs [66]. Bio-
materials act as support for the culture of multiple types of cells, eventually in
combination with genes, growth factors and ECM components [47]. One of the
major advantage derived by the use of tissue-engineered vascular models is the pos-
sibility to �nely tune the mechanical and architectural properties of biomaterials,
varying their sti�ness, their porosity and pore size [67, 68, 69]. Moreover, bioma-
terials o�er the possibility to incorporate surface-binding ligands and antibodies
to encourage speci�c cell adhesion[70, 71]. The three-dimensional constructs can
be exposed to biochemical stimuli [72], and dynamic forces can be applied to
investigate responses observed in vivo[73, 74, 75]. In addition, the perfused bioen-
gineered vascular construct can be realized using both animal or human cells, and
these cells could be obtained from healthy subjects or patients [75]. Innovative
biofabrication techniques, advanced cell manipulation, and the use of bioreactors
to apply physiological conditions are used to mimic the biological structures[47]
(Figure 2.4).

In the �eld of cardiovascular diseases, for example, Martorell et al. investigated
the relationship between �ow disruption and local expression of atherogenic mark-
ers. The model was realized seeding ECs and SMCs on PDMS sca�olds presenting
patient-speci�c vessel bifurcation geometries (i.e., coronary and carotid bifurca-
tions) [76].

Rouleau et al., instead, developed a model to keep in consideration also the com-
plex interactions between arterial wall cells and immune system in atherosclerotic
lesions. In their study, in fact, they presented a stenosis model consisting of a
�bronectin-coated silicone tube seeded with human aortic ECs. The cells were
exposed to varying shear stress and it was studied the correlation between hae-
modynamic forces and adhesion of leukocytes to ECs, either stimulated or not
stimulated with TNF-α[77, 78].

To study initial events occurring in atherosclerosis, Robert et al. used human
vascular cells to develop a three-dimensional artery model mimicking the structures
and the functional characteristics of arteries. The vascular construct consisted of
biodegradable tubular sca�olds made of non-woven polyglycol-acid meshes seeded
with human umbilical vein endothelial cells and human umbilical cord derived
myo�broblasts. During the exposure to dynamic conditions within a bioreactor,
�uorescent labelled LDL and labelled monocytes were injected to mimic early
events occurring in the atherosclerosis progression.
Then, the system was used to investigate the e�ects induced by the TNF-α on
the monocytes migration, and the anti-atherosclerotic potential of high density
lipoproteins in the arterial wall.
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Figure 2.4: Schematic representation of the characteristics of tissue-engineered vessels. Tissue-engineered
vessels combined with bioreactors can be exposed both to biomechanical and biochemical stimuli. Di�er-
ent characteristics can be obtained by changing the geometry of the sca�olds and the cell components.
Models can be used to investigate physiology of biological tissue but also for the pre-clinical test of drugs
and medical devices or for modelling diseases. From Wolf et al. [75]

The model proposed by Robert and colleagues showed a good combination of
a native-like multilayer three-dimensional architecture of the vascular wall with
native-analogous pulsatile �ow pro�les and proved to be a reliable atherosclerosis
disease model [79].

A tissue-engineered model was proposed by Mallone et al. to replicate and study,
instead, the mechanisms involved in atherosclerotic plaques progression and re-
gression. The work describes a complex human model of late atherosclerotic lesion
consisting of a core of monocytes, macrophages and dendritic cells embedded in
a matrix of collagen and lipids,surrounded by a thin layer of myo�broblasts. The
model was exploited to investigate the role of LDL in plaque remodeling and cell
viability[80].

Finally, tissue engineering-derived vascular grafts will potentially become a valid
alternative to animal models for pre-clinical assessment of medical device and
pharmacological treatments [75].
Cardinal and colleagues, used a tissue-engineered blood vessel as a testing envir-
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onment for stents. Their aim was to evaluate the sensitivity of this model towards
di�erent kinds of stents. As a proof of concept, they modi�ed a stent through
adsorption of ECM proteins and evaluated with the model the di�erent cellu-
lar regeneration induced by bare metal stents and modi�ed stents. The results
proved the capability of this model to distinguish e�ects induced by di�erent med-
ical devices [81].
Fernandez et al., instead, proposed a platform with a tissue-engineered vessel to
evaluate drug-induced vasodilation under arterial-like �ow conditions. They de-
veloped a collagen-based engineered blood vessel and assessed the role played by
ECs in modulating vasodilation through the release of NO. In addition they used
the model to study the acute in�ammatory response induced by TNF-α and the
potential therapeutic e�ect of the exposure to lovastatin, a statin, prior to exposure
to TNF-α[82].

Although great advances have been made in the �eld of vascular tissue engineer-
ing, important e�orts are still required towards an increased physiological relev-
ance, necessary for disease modelling and device and drug testing [47]. Neverthe-
less, the rapid progression of bioengineering and biotechnology suggest that tissue
engineering-derived models are likely to be successfully used in the near future for
disease modelling and medicine screening [83, 84].

2.3 Conclusions

Cardiovascular diseases and atherosclerosis have been one of the biggest issue that
the healthcare of the developed countries has been facing for the last decades.

The complicated network of risk factors, pathological cues, and cell interactions
has been widely studied, but the complexity of the phenomenon still needs to be
unveiled.

As largely debated in this chapter, the approaches involved in the study of the
atherosclerosis are mainly three: in vitro, in vivo and ex vivo models.

In vitro models are the golden standard for the preliminary investigation of mech-
anisms involved in the atherosclerotic process, thanks to their ease and the pos-
sibility to isolate speci�c stimuli. On the other hand, they lack of the complexity
required for studying a problem as complicated as atherosclerosis.

In vivo models, instead, allow to replicate the physiological or pathological en-
vironment and they are still unavoidable for the pre-clinical assessment of drugs
and medical devices, but they have many drawbacks. Firstly, there are problems
in translating the results to human due to di�erences in the immune system of
mammalian species, secondly they are very expensive, and, �nally, the ethical
implication involved in these studies pushed the scienti�c community towards a
reduce, replacement and re�nement of animal models.
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Ex vivo models, as shown, allow to replicate more realistic conditions than in
vitro studies, maintaining the complexity of the native tissue, and they could
be a valid aid for screening potential therapeutic solutions, reducing the product
development cycle by implementing di�erent prototype modi�cations in ex vivo
models.
Ex vivo models using bioreactors to stimulate whole tissue/organs have been well
established, whereas the use of tissue-engineered vascular model is very promising
but still needs e�orts to reach more realistic architecture and composition of the
construct.

In conclusion, ex vivo models o�er an important multi-disciplinary approach to-
wards the investigation of physiological and pathological aspects of the cardiovas-
cular system; the cooperation among bioengineers, biologists, biotechnologist and
doctors can lead to more and more exhaustive and realistic ex vivo models. This
can certainly bring to an increasingly complete comprehension of the phenomena
involved in atherosclerosis and to innovative and decisive clinical treatments.
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Chapter 3

Design of a parallel-plate �ow

chamber for the investigation of

cellular components involved in

thrombus formation



3.1 Introduction

The formation of thrombi represents the acute manifestation of atherosclerosis
[1, 2]. The development of clots is typically triggered by the rupture or, less
frequently, by the erosion of an atherosclerotic plaque [3, 4]. At that site, the
content of plaque and the subendothelial collagen �bres are exposed to the blood
�ow within the lumen of the vessel. Platelets are then activated and rapidly
recruited, increasing the dimension of the clot, which is stabilized by �brin. In
fact, the exposure of tissue factor (TF), an integral membrane-protein located
in the subendothelial area, initiates the coagulation cascade with generation of
thrombin, that in turn activates platelets and converts �brinogen in �brin [5, 1, 6].

Although it is generally accepted that the trigger of coagulation and thrombus
formation is the exposure of TF [7], the mechanisms of thrombus propagation
and the identities of the molecular species involved in this process still need to
be investigated [8]. To ful�l this aim, thrombi formation has been induced in
animal models with di�erent methods, such as photochemical injury, mechanical or
electrical trauma, ferric chloride or vessel ligation [9], but the choice of the proper
model and the control of experimental conditions demonstrated to be di�cult [10,
11]. By contrast, in vitro models provide a precise de�nition of the biomechanical
environment. Therefore, in vitro models have been developed to mimic events that
are hallmarks of late stages of the disease. From the pioneering work of Frangos et
colleagues [12], the formation of thrombi have been induced in parallel-plate �ow
chambers by coating the chamber surface with pro-thrombotic agents, as collagen,
and plaque and thrombus material, such as von Willebrand factor and �brinogen,
and then plating endothelial cells in the chamber [8, 13, 14, 15]. These models led
to the identi�cation of some mechanisms involved in late-stage atherosclerosis[16].
Nevertheless, in vitro models do not maintain the structural integrity of human
arteries, which would provide critical information on thrombus formation [17].

In this work, we developed a new optically-accessible ex vivo parallel-plate �ow
chamber aimed at exposing to a controlled blood �ow human tissue with or without
atherosclerosis.

A novel disposable device was, in fact, designed to culture sections of arteries
under a target shear rate of 500 s-1which corresponds to a physiological shear rate
value for arteries [18, 19].

The �nal scope of the work is to investigate the nature of vascular molecular com-
ponents interacting with blood, in order to understand mechanism of thrombosis
and then propose and assess the e�ectiveness of potential therapeutic strategies.

The study was performed in collaboration with the Cardiovascular Research Area
of IRCSS Ospedale San Ra�aele.
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3.2 Requirements for the design of the chamber

The PPFCs are thought to expose human tissue to blood �ow with a well-controlled
shear rate and, as a consequence, shear stress. The geometrical characteristics of
the chamber are then derived from the �uid-dynamic parameters.

One major constraint when dealing with blood is the unintended coagulation.
Therefore, the materials must be compatible with blood. In addition, it is neces-
sary to reach a good compromise with the time of stimulation, which has to be
enough to stimulate the tissue but at the same time restricted to avoid unspeci�c
coagulation, due to blood exposure to air [20]. Finally, another drawback is related
to the withdrawal of blood; in fact, the volume of blood that could be withdrawn
from a donor for a single experiment is limited, and this limitation must be kept
in consideration when designing the chamber.

The PPFCs developed in this work are disposable, so the costs and the manufac-
turing techniques must be suitable for mass-production.

To meet the needs of biologists and to ful�l the requirement of good laboratory
practice, chambers must guarantee an easy assembling and be compatible with
standard laboratory procedures, to avoid damages to the samples due to manipu-
lations.

A further necessary characteristic is related to the transparency of the devices;
in fact, they are designed to be optically accessible for visual check during the
experiment and to allow microscope imaging. Moreover, the overall dimensions of
the chambers must be small to �t microscope space.

Finally, one need is related to the possibility to perform the analysis (i.e., im-
muno�uorescence staining) on the samples after the stimulation. Two possible
strategies are kept in consideration: (i) designing a chamber that could be opened
after the stimulation for collecting the sample, and (ii) designing a device suitable
for performing the staining directly within the chamber.

3.3 Materials and methods

3.3.1 Design of the parallel-plate �ow chamber

The PPFC was designed for stimulating sections of arteries with a controlled shear
rate and shear stress.
The relationship between �uid-dynamic parameters, such as shear rate (γ̇) and
wall shear stress (τw ) , and geometrical characteristics of the PPFC, such as
�ow rate (Q), chamber width (w) and chamber height (h) were derived from
the Navier-Stokes and the continuity equation under the hypothesis of Newtonian
incompressible �uid and laminar �ow [21, 22].
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The pro�le of the �ow within the chamber must be evaluated by means of the
Reynolds number (Re), which is calculated using the Eq. 3.1:

Re =
ρQDh

µwh
(3.1)

where ρ and μ are, respectively, the density and the viscosity of the �uid and Dhis
the hydraulic diameter
Under the hypothesis of Newtonian incompressible �uid and laminar �ow and re-
ferring to the coordinate system shown in Figure3.1.a, the Navier-Stokes equation
can be simpli�ed to Eq. 3.2 :

d2v

dy2
=

1

µ

dP

dx
(3.2)

where (dP/dx ) is the pressure gradient along the plate, v is the �uid velocity, and
y is a height position with respect to the bottom plate.
Integrating twice and after applying the no slip condition, the following equation
(Eq. 3.3) was obtained:

vx =
1

2µ

(
dP

dx

)[(
h

2

)2

− y2
]

(3.3)

The relationship among shear stress (τ), shear rate and geometrical parameters of
the chamber was derived from the continuity equation (Eq. 3.4) :

Q =

¨

A

vxdA = w

hˆ

0

1

2µ

dP

dx
(h2 − y2)dy (3.4)

combined with the expression of τ (Eq. 3.5):

τ = µγ̇ = µ
dv

dy
(3.5)

It was �nally obtained the expression of the wall shear stress, expressed in Eq. 3.6:

τw = µγ̇ =
6µQ

wh2
(3.6)

Shear rate and shear stress pro�les in laminar �ow are shown in Figure 3.1.b.
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Figure 3.1: Determination of �uid-dynamic and geometrical parameters in a parallel-plate �ow chamber.
(a) The Navier-Stokes equation for parallel-plate �ow chamber is solved with the coordinate system shown
in the �gure. (b) The shear rate (γ̇) and the wall shear stress (τw) are related to the slope of the velocity
(v) within the parallel-plate �ow chamber. The �ow velocity in a laminar developed �ow has a typical
parabolic pro�le.

The value of blood �ow rate during the experiments was calculated considering a
volume of blood of 10 ml and a time of stimulation of 6 minutes for each experi-
ment.
Given a precise value of height of the chamber and applying the Eq. 3.6 the width
of the chamber was derived.
Once obtained the geometrical characteristics, the Reynolds number can be cal-
culated to verify the hypothesis of laminar �ow within the chamber (Eq. 3.1).
The minimum length of the PPFC and the position of the tissue sample along the
x-axis were established applying the formula in Eq. 3.7 to have a fully developed
�ow pro�le [23]:

x = 0.06 ·Re ·Dh (3.7)

The shape of the chamber was designed to limit abrupt changes of section.

Two di�erent versions were designed: (i) a version with a lid that can be removed,
and (ii) a closed version (Figure 3.2).

3.3.2 Manufacturing of the parallel-plate chamber

The disposable PPFCs were manufactured by laser cutting (VersaLaser VSL 2.30,
SK Laser, Germany). Each device is composed by a transparent poly(methyl
methacrylate) (PMMA, Plasting S.r.l., Italy) support, a double-sided sticky tape
(High Performance Adhesive Transfer Tape with Adhesive 200 MP 92015, 3M
Italia srl, Italy) and a 24 x 50 mm2coverslip. The �ow chamber is obtained laser
cutting with the desired geometry the tape, which is stuck to the support and
also provides the tightly sealing of the coverslip to the PMMA support. In the
support two channels are cut and barbed polysulfone connectors (PS, Nordson
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Corporation, OH, US) glued to the support act as inlet and outlet for the blood
�ow. In the version with the lid, the lid is stuck to chamber using again the
double-sided sticky tape. (Figure 3.2).

Figure 3.2: Three dimensional drawings and pictures of the two versions of the parallel-plate �ow chamber.
(a) and (b) show the computer-aided design (CAD) models of, respectively, the version of the parallel-
plate �ow chamber (PPFC) that can be opened, and the closed version. In the former version the lid and
the support are assembled through double-sided tape, the design of the latter version is evidently much
simpler. In (c) and (d) is shown the exploded view of, respectively, the PPFC that can be opened, and
the closed one. Starting from the bottom, it is possible to identify the coverslip, the tape where the �ow
chamber is obtained, the support and connectors. (e) and (d) are pictures of the two di�erent versions
of the PPFC.

3.3.3 Characterization of the parallel-plate �ow chamber

The values of shear rate within the parallel-plate �uid chamber were assessed
through �uid-dynamic computational studies. In addition, the resistivity of the
chamber was evaluated by an hydraulic characterization of the system . Finally,
experiments were performed to evaluate the functionality and the thrombogenicity
of the chamber.

3.3.3.1 Study of the �uid dynamic pattern with numerical studies

Fluid-dynamic studies were performed using the software Comsol Multiphysics 4.3
b (Comsol Inc., CA, US). It was simulated only a part of the �uid volume of the
chamber (Figure 3.3.a), to guarantee the possibility to create a �ne mesh along
the y axis (Figure 3.3.b), but limiting the computational cost. It was chosen water
as material of the �uid domain, but the value of viscosity was set equal to 0.003
Pa�s, to mimic rheological blood characteristics. It was imposed an inlet velocity
of �uid equal to 0.013 m/s and a relative pressure at the outlet equal to zero.
Symmetry along x-axis and no slip condition in the lateral walls were �nally set.
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3.3.3.2 Hydraulic characterization of the system

The PPFCs were characterized in terms of hydraulic resistance with the setup
shown in Figure 3.3.c. Brie�y, a PPFC was connected downstream to a withdrawal
syringe pump (AL-100, World Precision Instrument, FL, US) and upstream to a
reservoir open in atmosphere. The hydraulic circuit was realized with platinum
cured silicone tubing (Saint Gobain, France). A pressure transducer (Pendotec
Press, NJ, US) connected to a custom made acquisition system (LabView software,
National Instruments Corp., TX, USA) was placed downstream of the chamber.
The pressure was measured at di�erent �ow rate values (1.00, 1.66, 3.32, 5.00,
10.00 ml/min). The hydraulic resistance of the system was calculated applying
Eq. 3.8:

4P = Rh ·Q (3.8)

where 4P is the pressure loss along the system and Rh the hydraulic resistance
of the system.
For each �ow rate, three tests were conducted and in total n=8 chambers were
characterized.

3.3.3.3 Functional evaluation of the parallel-plate �ow chamber

The functional evaluation of the two versions of the device was performed in ex-
periments with human blood. Experiments without biological samples were �rstly
performed to assess the ease-of-use of the chamber , the �uid-dynamics and the
thrombogenicity of the devices. Experiments using arterial sections were then con-
ducted to verify the possibility to stain blood and tissue components involved in
thrombus formation.
Before each experiment, blood was collected in citrate-phosphate-dextrose (CPD)
anticoagulant solution [24] and re-calci�ed immediately before �ow experiment.
Platelets were labelled with Mepacrine and �brin by anti-�brin(ogen)- AlexaFluor
555 antibody.
The setup of the experiments is the same used for the hydraulic characterization
and it is shown in Figure 3.3.c and in Figure 3.3.d .
For the experiments without biological sample, brie�y, a �bronectin�coated cover-
slip was stuck to the PPFC. The device was then connected with platinum cured
silicone tubing (Saint Gobain, France) to a withdrawal syringe pump (AL-100,
World Precision Instrument, FL, US). The chamber was washed with Dulbecco's
Modi�ed Eagle Medium (DMEM, EuroClone, Italy), then submitted to blood
�ow with a �ow rate of 1.66 ml/min for 6 minutes. During the experiments, the
�uid-dynamics within the chamber was monitored using a handheld digital mi-
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croscope (Dino-lite digital microscope, AnMo Electronics Corporation, Taiwan).
After the stimulation, a washing with DMEM was performed. Microscopy assessed
the formation of unspeci�c thrombi.

In the experiments with biological samples, a �bronectin-coated coverslip with
frozen un�xed section (10 μm thick) of internal mammary artery (IMA) was stuck
to PPFC. After the second washing with DMEM, samples underwent �xation in
1% paraformaldehyde. Immuno�uorescence were performed on IMA sections into
the chamber. As a proof of concept, nuclei were labelled with DAPI and laminin
was labelled as component of extracellular matrix. Stainings were analysed by
confocal microscopy.

Figure 3.3: Characterization of the parallel-plate �ow chamber. (a) Computational studies were per-
formed with the software Comsol Multiphysics on a con�ned volume of the chamber, corresponding to
the black rectangle. (b) Considering a smaller volume it was possible to create a �ne mesh also in the y-
direction, which is much smaller in comparison to x- and z-directions, without an excessive computational
cost (c) Schematic representation of the setup used for the characterization and for the functional exper-
iments. The parallel-plate �ow chamber is connected upstream to an open air reservoir and downstream
to a withdrawal syringe pump through silicone tubing. A digital microscope was used to monitor the
�uid-dynamics within the chamber. For the hydraulic characterization, a pressure transducer was placed
in derivation between the syringe pump and the parallel-plate �ow chamber to measure the pressure loss
over the chamber. (d) Picture of the setup during functional experiments.
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3.4 Results

3.4.1 Evaluation of the shear rate obtained within the chamber

The control of the geometrical parameters of the chamber guaranteed a well-
de�ned �uid-dynamic stimulation of the arterial samples. The precise height of
the chamber was provided by a double-sided sticky tape with a thickness of 150 ±
6 μm. Combining values of blood volume suitable for performing experiments with
human blood and stimulation time, it was set a �ow rate of 1.66 ml/min. There-
fore, applying the Eq. 3.6 it was found that a width of 14.77 mm was necessary
to obtain in the chamber a shear rate of 500 s-1. This value, considering a blood
viscosity of about 0.003 Pa�s [25]corresponds to a shear stress of 15 dynes/cm2. A
Reynolds number equal to 3.7 proved that the �ow pro�le within the chamber is
laminar. Using the Eq. 3.7 it was calculated that a length of 0.07 mm is necessary
for the blood �ow to be completely developed after �owing into the chamber.

The computational studies con�rmed that within the chamber there is a uniform
shear rate of about 500 s-1 (Figure 3.4a, b, c, d).

3.4.2 Hydraulic characterization of the chamber

The hydraulic characterization of the chambers allowed to evaluate the pressure
losses induced by the PPFC. Data concerning the characterization are shown in
Figure 3.4.e. Pressure losses increased linearly, as expected, with increasing �ow
rate. Keeping in consideration the target �ow rate of 1.66 ml/min, the value of
pressure measured was equal to -1.92 ± 0.16 mmHg corresponding to a hydraulic
resistance of the system of 69.40 mmHg�s/ml. The values of pressure measured at
the same �ow rate in di�erent chambers are consistent with one another.

3.4.3 Assessment of the functionality of the chamber

Functional experiments con�rmed that the PPFC is easy-to-use and compatible
with laboratory procedures.

In the experiments with human blood, the double-sided sticky tape proved to
guarantee a good sealing of the coverslip to the PMMA support.

The visual inspection of the �ow pro�le within the chambers showed that in the
version that can be opened, the presence of the lid induces an alteration of the
�uid-dynamic pro�le (Figure 3.4.f). Moreover, unspeci�c thrombi were found in
the chamber. On the other hand, in the closed version it was seen a �uid-dynamics
consistent with theory and no unspeci�c thrombi where found within the chamber.

Experiments with human IMA sections proved that PPFC are suitable for per-
forming staining within the chamber. The system proved to be compatible with
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confocal microscopy. Cellular and ECM components were successfully labelled
(Figure 3.5). The presence of unspeci�c thrombi in the PPFC provided with the
lid were noticed even in experiments with human samples, .

Figure 3.4: Results of the characterization and of the functional evaluation of the parallel-plate �ow
chamber. (a) According to the results of the numerical study, the shear rate in the plane XZ, evaluated
on the �oor of the chamber, is equal to 500 s-1. (b) A di�erent scale is shown for a better evaluation.
(c) The results calculated in the YX plane con�rmed that the target value of shear rate is reached in
the chamber and, (d) a di�erent scale is shown for a better evaluation. (e) The results of the hydraulic
characterization show a linear relationship between �ow rate and pressure, as expected. (f) Functional
experiments proved that in chambers provided with lids, the �uid-dynamics is disturbed, as can be seen
in the left picture where it is visible a blood �ow with a ��ame-like� pro�le. By contrary, chambers
without lid are characterized by a parabolic �uid-dynamic pro�le, as can be seen to the right. This can
be responsible for the presence of unspeci�c thrombi within the chambers with lid.

3.5 Discussion

In this work, an optically-accessible chamber for stimulating sections of human
arteries was designed and manufactured. The design of the chamber was thought
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to guarantee a speci�c �uid-dynamic stimulus on the sample. This precise bio-
mechanical condition derived from the combination of �uid-dynamic parameters,
geometrical characteristics of the chamber and rheological properties of blood.
The choice of some parameters was imposed by physical needs. In fact, the value
of �ow rate was obtained considering that 6 minutes of conditioning were enough
to induce the formation of a thrombus without provoking the detachment of the
sample [15] and a volume of human blood of 10 ml allowed to perform at least three
tests in the same experiment without being harmful for the donor. The precise
height of the chamber was assured by the use of a commercial double-sided sticky
tape. This solution contributed also to obtain an easy assembling of the PPFC
and, at the same time, a good sealing. It was therefore possible to avoid more
complex solutions as screws and gaskets [26, 27, 28], less suitable to biological
laboratories. In addition, the resulting value of width and length of the chamber
permitted to use commercial coverslips with standards dimensions, reducing the
costs of manufacturing and using well-established laboratory equipment.

The possibility of manufacturing the PPFCs by laser cutting was a great advant-
age, because it is a quick, not expensive and precise technique that allow mass
production. All the materials used had been widely used in devices in contact with
blood[29, 30, 31, 32, 33]. PPFCs disposable and haemocompatible reduce experi-
ment preparation time and limit false results due residual blood in the chambers.

Computational �uid-dynamic studies were performed on a con�ned volume to re-
duce the computation cost. In fact, the three dimensions of the chamber were not
comparable (i.e., the height is two orders of magnitude smaller than width), and
the creation of �ne mesh of all the volume would have requested a too high com-
putational cost. It was chosen therefore the part of the chamber where the arterial
samples were placed. This analysis con�rmed that the PPFCs could be used to
stimulate tissue with a well controlled shear rate, reproducing value observed in
vivo [18, 19].

Data obtained from the hydraulic characterization show that the chambers be-
haved as small hydraulic resistances. Value of pressure were negative because of
the use of a withdrawal syringe pump, but a con�guration with negative pressure
favours the hydraulic seal within the chamber. In addition, the small hydraulic
resistance o�ered by the chamber with a �ow rate of 1.66 ml/min preserves the
sample; in fact, higher pressures could damage or induce the detachment of the
arterial slice.

Two di�erent versions of the PPFC were realized, but functional experiments
highlighted that the presence of a lid can alter the �uid-dynamics and induce the
formation of unspeci�c thrombi within the chamber. On the other hand, chambers
are compatible with microscope imaging and with staining, therefore the collection
of the sample is not a strict standard.

As far as we know, the absolute novelty introduced with this device is the use
of native tissue. In fact, the PPFCs presented in this work o�er the possibility
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Figure 3.5: Assessment of the functionality of the parallel-plate �ow chamber. The confocal analysis
of the staining performed within the chambers on human sections of arteries proved that the chambers
are compatible with microscopy. In the blood, platelets were labelled with Mepacrine, in green, while
anti-�brin(ogen) was used as a marker of �brin, in red. In addition, the chambers permit to perform
staining within the chamber after the �uid-dynamic conditioning of the sample. Nuclei and laminin were
labelled (respectively blue and white) as proof of concept. In the images the structure of the internal and
external elastic laminae are clearly visible

to stimulate under a controlled �uid-dynamic environment a complex native ar-
terial structure, while the parallel-plate �ow chambers presented in literature are
designed for cell monolayers or co-cultures [34, 35, 22].

Once assessed the possibility to perform experiments and staining, the device could
be exploited to investigate the nature of vascular cellular and molecular compon-
ents interacting with blood on human arteries with and without atherosclerosis
(e.g., internal mammary artery and carotid plaque). The comparison between the
two conditions would help in understanding the pathological processes involved
in the acute thrombosis process. The system will be used therefore to screen the
e�ect of di�erent agents either on blood or vessels, in order to clarify mechanism
of thrombosis or propose e�ective therapeutic solutions.

3.6 Conclusion

The parallel-plate �ow chamber presented in this chapter represents a valid ex vivo
model for the investigation of the interactions between vascular cellular compon-

46



ents and blood under well de�ned �uid-dynamic conditions. These interactions
involve cells, blood and immune system and they are responsible for the develop-
ment of acute thrombosis. Since the description of the phenomenon could not be
restricted to a simple model, the use of an ex vivo model represents a valid solution
to maintain the complexity of the native tissue but controlling the experimental
conditions. From a technical point of view, the system proved to be easy-to-use
and compatible with standard laboratory procedures. Functional experiments con-
�rmed that the chambers are not thrombogenic, suitable for performing staining
and compatible with microscopy. Further modi�cations could be implemented to
obtain a more realistic model, for example adding a control of the temperature.
This model could be exploited to compare blood-cell interactions in pathological
versus not pathological tissue to clarify the mechanism of thrombosis and, in per-
spective, to propose and test therapeutic strategies.
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Chapter 4

Design and characterization of

an innovative and versatile

culture system for the ex vivo

conditioning of arteries



4.1 Introduction

Thrombosis is a pathological process occurring in veins and arteries when blood
clots inside the vessels obstruct the physiological blood �ow [1]. It is often the
result of vascular injuries [2] and it can happen at the late stage of atherosclerosis
when acute thrombi are formed within the lumen of the vessel [3]. Thrombosis
has been historically studied using animal models, to understand the pathological
pathways involved in the onset and development of thrombosis and to test the ef-
�cacy and safety of new drugs [4, 5]. Nevertheless, animals typically di�er from the
human system and this can lead to biased understanding and unreliable predictions
of the e�ects of treatment in humans. Moreover, imaging and characterization of
thrombosis in vivo are di�cult to manage and they cannot achieve high through-
put, which is necessary for the screening of treatments [2]. In addition, models
lack of a standardization of the protocols used and the protocol di�erences could
a�ect the results and compromise the comparisons among independent studies [6].

Given this, we developed an ex vivo vessel culture system to translate the procedure
used in vivo to study the thrombosis.

As a proof of concept, we focused on the ferric-chloride (FeCl3) induced thrombosis
[7, 8], but the versatility of the system makes it suitable for di�erent studies on ex
vivo cultures vessels. In FeCl3induced thrombosis, the ferric chloride is applied to
the exterior surface of vessels to trigger vascular wall injury and denudation of the
endothelium, via the generation of reactive oxygen species. In animal experiment,
the exposure of collagen and tissue factor triggers platelet activation coagulation
cascade [9].

The system here presented was designed to culture human vessels under controlled
�uid-dynamic conditions and to induce vascular injury with FeCl3. Once invest-
igated the pathological mechanism, it is therefore possible to propose therapeutic
strategies and to exploit this human ex vivo model to assess their e�cacy.

The culture system is composed by a culture chamber, which is the bioreactor, and
an hydraulic circuit connected to a pump to provide the re-circulation of the culture
medium. A stationary �uid-dynamic conditioning reproducing physiological shear
stress in the vessel lumen was set in this preliminary study.

The bioreactor was designed to ensure the possibility to induce vessel injury with
FeCl3and to be suitable for the following screening of therapeutic and pharmaco-
logical treatments.

During this preliminary phase of the work, a functional evaluation of the system
was performed. Once assessed that the bioreactor is a reliable tool for culturing ex
vivo vessels preserving the structure and the cellular distribution, the model will
be exploited for further investigations.

The study was performed at the Laboratory of Experimental Micro- and Bio�uid-
dynamics (μBS Lab) of the Politecnico di Milano and in collaboration with the

54



Cardiovascular Research Area of IRCSS Ospedale San Ra�aele.

4.2 Requirements and speci�cations

The system needs to ful�l a series of requirements. First of all, it has to guarantee
the easy access to the vessel during the experiment, to induce a thrombosis with
the methodologies used in vivo (i.e., ferric-chloride induced thrombosis) [10].

Another essential requirement, shared with all the culture systems, is the possib-
ility to sterilize the device before each experiment.
The sterility must be kept throughout the experiment, so the design of the biore-
actor must provide a barrier to bacteria in�ltration. Working with sterile tools
and maintaining the sterility, in fact, o�er the possibility to perform potentially
long-term organ culture studies [11].

The material used for manufacturing the bioreactor has to be biocompatible or,
at least, compatible with cell/tissue cultures.

In addition, a multi-chamber device would ful�l the necessity to perform more
experiments at the same time.

One important need is the compartmentalization between intra-luminal and extra-
adventitial compartments. This characteristic allows to expose the two regions of
blood vessels to di�erent biochemical conditions, replicating the in vivo environ-
ment [12]. Moreover, keeping separated the two compartments is fundamental for
inducing di�erential responses on vessel endothelium and adventitia. It is possible,
in particular, to stimulate with cytokines or other in�ammatory molecules only
the endothelium to induce and study the endothelial dysfunction [13, 14].
As a consequence, small volumes are required for the intra-luminal compartment,
to reduce the volume of reagents on equal concentrations.

One major design speci�cation for the device is the versatility. Vessels of di�erent
diameters and of di�erent lengths could be mounted within the culture system and
properly stimulated.

Finally, a method for mounting and anchoring a-traumatically the vessels in the
system needs to be used to avoid vessel damaging, such as endothelial denudation
[15].

4.3 Materials and Methods

4.3.1 The preliminary prototype

After outlining the requirements, a �rst prototype of the bioreactor was designed
and manufactured in house in the Laboratory of Experimental Micro- and Bio�uid-
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dynamics (μBS Lab) of the Dipartimento di Elettronica, Informazione e Bioingegn-
eria of the Politecnico di Milano.

4.3.1.1 Design and manufacturing of the system

The prototype was designed using the three dimensional CAD software PTC Creo
Parametric 4.0 (PTC Inc., MA, US) and manufactured with computer numer-
ical control machining (Modela MDX-40, Roland, Japan) from polyoxymethylene
blocks (POM, Plasting S.r.l., Italy).

The design of the bioreactor mimics the shape, the dimensions and the functioning
of a Petri-dish for cell cultures. The closing of the culture chamber is ful�lled, in
fact, with the lid of a standard commercial Petri-dish (100 mm Petri dish, Corning
Incorporated, NY, US).

It is composed by two identical and independent culture chambers (Figure 4.1.a).
Each chamber consists of a small luminal reservoir, an adventitial reservoir and
an over�ow reservoir connected to the adventitial one. The luminal reservoir is
dedicated to the medium �owing within the lumen of the vessel, while the ad-
ventitial reservoir represents the extra-adventitial environment. Inlets and outlets
to the culture chamber are provided by threaded female luer lock adapters in
polypropylene (PP, Nordson Corporation, OH, US).

The vessel is anchored to barbed polycarbonate (PC, Qosina, NY, US) or PP
(Nordson Corporation, OH, US) male luer slip connectors. Connectors of di�erent
sizes �t the bioreactor (i.e., 0.8, 1.6, 2.4, 3.2 mm).
The anchoring is performed with small silicone vessel loops (SIM Italia, Italy)
using a home made support for mounting the vessels (Figure 4.1.b).

After the mounting procedure, the anchored vessel is moved inside the bioreactor
and connected to female luers locks placed within the adventitial reservoir: one PP
threaded female luer and a sliding stainless steel female luer needle. The sliding
needle allows to adjust the distance, up to 40 mm, between the two female luer
connectors (Figure 4.1.c).

Therefore, the vessel is immersed in culture medium in the adventitial reservoir
and connected in series to the luminal reservoir through an hydraulic circuit.
The hydraulic circuit is composed by platinum cured silicone tubing (Saint Gobain,
France) and a peristaltic pump (323 Du, Watson-Marlow Fluid Technology Group,
UK) equipped with a single channel pumping head (314D, Watson-Marlow Fluid
Technology Group, UK).

If required, the circulation of medium in the extra-adventitial compartment could
be provided by another hydraulic circuit.

A schematic representation of all the con�gurations that could be obtained with
the system is shown in Figure 4.1.d, Figure 4.1.e and Figure 4.1.e
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Figure 4.1: The �rst prototype. (a) 3D CAD drawing of the culture system. Female luer connectors
provide inlet and outlet to the system. (b) Vessel holders are used to anchor the vessel to the the
male slip barbed luer connectors. After the mounting, the vessel is moved within the bioreactor (c)
Picture representing the bioreactor with vessels mounted inside; the �rst prototype is characterized by
the presence of two identical but �uidically independent chambers. Connecting the reservoirs and the
vessel in di�erent ways, di�erent con�gurations are available: (d) There could be re-circulation of the
medium only in the intra-luminal compartment, keeping the extra-adventitial compartment static, (e)
there could be an independent re-circulation in both the compartments, and, �nally, (f) there could be
no compartmentation, re-circulating the medium from the lumen of the vessel to the extra-adventitial
compartment

4.3.1.2 Functional evaluation of the prototype

A preliminary functional evaluation of the bioreactor was performed with surplus
segments of human IMA (n = 4) obtained from patients undergoing coronary
artery bypass surgery. This was carried out at the Cardiovascular Research Area
of IRCSS Ospedale San Ra�aele (Milan, Italy).

After the sterilization, IMA segments were mounted into the system and the lu-
minal circuit was connected as previously described (Chapter 4.3.1.1). The lu-
minal reservoir was �lled with 9 ml of DMEM (EuroClone, Italy) additioned with
10% Fetal Bovine Serum (FBS, EuroClone, Italy), 1% Penicillin-Streptomycin
(PenStrep, EuroClone, Italy) and �uorescent dextran with two di�erent molecular
weight (70000 and 4500).

The adventitial reservoirs was �lled with 20 ml of DMEM (EuroClone, Italy)
additioned with 10% Fetal Bovine Serum (EuroClone, Italy) and 1% Penicillin-
Streptomycin (EuroClone, Italy).

The system was kept in the incubator at 37° C and 5% CO2 for a culture period of
24 hours. The IMA segments were perfused with a �ow rate of 40 ml/min, while
the adventitial reservoir was kept in static conditions.
As a control, IMA samples were kept in static conditions into the incubator for
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the same time.

After the conditioning period, a central part of each segment was embedded using
optimal cutting temperature compound (OCT) and froze down.
Haematoxylin and Eosin (H&E, BioOptica Milano SpA, Italy) histological staining
was performed on cryosections. Immuno�uorescence staining labelling α-Smooth-
Muscle Actin (α-Smooth-Muscle Actin), Smooth muscle protein 22-α (SM22), von
Willebrand Factor (vWF) and cluster of di�erentiation 31 (CD31) was performed
and analyzed with confocal microscopy.

4.3.2 An innovative and advanced prototype

Based on the functional experiments and on the general experience with the pre-
liminary prototype, new design speci�cations were drawn up.

Compared to the initial project, the major modi�cation was implemented to the
design of the system, which was drastically changed. In fact, a new design was
necessary to limit the handling of the sample after the mounting procedure.
This change had an in�uence on the material and on the manufacturing technique.
In addition, the solution of a multi-chamber device proved to be not ideal for tissue
culture. This requirement was deleted to avoid cross-contamination between the
chambers.

All the elements of the system, the bioreactor, the actuation system and the hy-
draulic circuit were reviewed to obtain a reliable ex vivo culture system for whole
vessels.

Some characteristics of the �rst prototype have been preserved in the new system.

4.3.2.1 Design of the system

The system was designed using the three dimensional CAD software PTC Creo
Parametric 4.0 (PTC Inc., MA, US).
The new bioreactor consists mainly of two parts: (i) an holder for the vessel (Fig-
ure 4.2.a), and (ii) a cylindrical chamber where the luminal and the adventitial
reservoirs have been obtained (Figure 4.2.b).
The holder is equipped with two female luer locks: a threaded female connector
and a sliding stainless steel female luer needle. The needle permits to adjust the
distance between the two luer locks.
The female connectors can �t barbed male luer locks of di�erent dimensions (i.e.,
0.8, 1.6, 2.4, 3.2 mm).
Once assembled the holder with the proper luer locks, the vessel is anchored on
the barbed connectors with a method that will be shown in detail in paragraph
4.3.2.3.
Therefore, the holder, with the vessel �rmly anchored, is moved inside the cyl-
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indrical chamber

The bioreactor support mimics the shape, the dimensions and the functioning of
a Petri-dish for cell cultures. The closing of the culture chamber is ful�lled by the
lid of a standard commercial Petri-dish (100 mm Petri dish, Corning Incorporated,
NY, US).

Two luminal reservoirs are available in the support: (i) a standard graduated 4-ml
reservoir for standard experiments, and (ii) a 600-µl reservoir for applications that
require very small amount of reagents.

The hydraulic sealing between the holder and the cylindrical chamber is obtained
with custom made silicone gaskets. The gaskets are placed in the gap between
the holder and the support and they are properly deformed through screws, as
shown in Figure 4.2.c. The silicone gaskets were obtained by addition curing of
commercially available silicone rubbers on a custom made mold.

Inlets and outlets to the culture chamber are provided by threaded female luer
lock adapters in PP (Nordson Corporation, OH, US).

All the con�gurations possible for the �rst prototype (paragraph 4.3.1.1) and
shown in Figure 4.1 are possible even with the new system.

Figure 4.2: Design of the second prototype. The bioreactor is composed by two components: (a) the
vessel holder, provided with a sliding female luer needle to adjust the distance between the connectors
holding the vessel, and (b) a cylindrical chamber mimicking shape and dimensions of a commercial Petri
dish. In the cylindrical chamber two reservoir were realized: (i) a standard 4-ml volume luminal reservoir,
and (ii) a 600-µl reservoir. (c) After the matching between the two components, two screws ensure the
deformation of two custom made silicone gaskets positioned in the gap between the vessel holder and the
cylindrical chamber, guaranteeing the hydraulic sealing.

4.3.2.2 Realization of the new system

The new complex design excludes machining from the list of possible manufac-
turing technologies. Additive manufacturing was chosen for the realization of the
bioreactor.

Manufacturing and material of the new bioreactor Both the holder and
the cylindrical chamber were realized in black polyamide 12 (PA12) with the HP
MultiJet Fusion technique (Hewlett-Packard Company, CA, US) (Figure 4.3).
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The production of the prototypes was outsourced to an external company (Weerg
srl, Italy).

Further processing was performed in house to obtain threads for the inlets and
outlets to the chamber and to sand the surfaces.

Figure 4.3: Manufacturing of the bioreactor. (a) The lateral view, and (b) the top view of the bioreactor.
The bioreactor was realized in black polyamide 12 via additive manufacturing. Post-processing machining
was performed to obtain threads for the connectors and to sand the surfaces.

Choice of the actuation system It was chosen to couple the bioreactor with
a miniaturized actuation system.

Characteristics and performances of small centrifugal pumps and small peristaltic
pumps were compared.

The choice fell on a small commercial roller pump.

As a consequence, a pulsation dampener and a control unit were designed to
modulate and control the �ow rate values provided within the system.

Realization of a pulsation dampener To �lter the noise of the roller pump
and to generate a quasi -steady �ow rate, a pulsation dampener was designed and
added to the system.

The dampener is an air chamber that acts as a compliance and it can be coupled
with the hydraulic resistance of the system (R) to serve as low-pass RC-hydraulic
�lter.

To dimension the compliance (C ), it was �rstly necessary to set the cuto� fre-
quency (f c) . This value was set two decades lower than the �rst harmonic of
the noise frequency introduced by the pump (f noise), which was derived from the
hydraulic characterization of the system (Eq. 4.1) :

fc = 0.01fnoise (4.1)

Once determined R from the hydraulic characterization, the compliance was then
calculated from the relation between f c and the time constant (τ) applying the
Eq. 4.2:
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fc =
1

2πτ
=

1

2πRC
(4.2)

Therefore, a Windkessel model describing the expansion and compression of air
within a chamber was used to relate the compliance to the volume of air required
for the dampener [16]. In the study, air was approximated to a perfect gas and
the calculations were referred to absolute pressure.

The replenishment of the chamber from the initial volume (V o) and pressure (Po)
up to working volume (V w ) and pressure (Pw ) was modelled as an isothermal pro-
cess (Eq. 4.3):

P0V0 = PwVw (4.3)

The compression and expansion during the working cycle were considered as adia-
batic transformations depending on volume (V ) and pressure (P) (Eq. 4.4):

PV k = PwV
k
w (4.4)

k is the ratio between the speci�c heat of the air in a constant pressure process
divided by the speci�c heat of the air in a constant volume process.
Considering the de�nition of compliance, which is de�ned as the variation of
volume in response to variations of pressure (Eq. 4.5):

C =
dV

dP
(4.5)

and combining the Eq. 4.5,4.3, and 4.4, the following equation was found (Eq. 4.6):

C =
dV

dP
= −Pw

P 2
V k
w

1

k
(
Pw
P
V k
w )

( 1−k
k

) (4.6)

The volume of air could be �nally calculated solving the Eq. 4.6 imposing the
value of P equal to Pw as shown in Eq.4.7:

V0 = −kC
P 2
w

P0
(4.7)

Pw in di�erent working conditions was derived from the hydraulic characterization
of the system.

The related air chamber was realized with a 60-ml syringe, �xing the plunger at
the desired volume value through an adjustable custom made support.

Development of the control unit A control unit was designed and realized
for supplying and controlling the roller pump used in the system.

The control unit employs the micro-controller board Arduino Uno (Arduino, Italy)
to control a voltage regulator (MIC29302WT, Microchip, AZ, US) that supplies
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the roller pump.
The voltage regulator consists of a non inverting operational ampli�er. By adjust-
ing the gain of the ampli�er through a potentiometer, di�erent power values can
be supplied to the pump. As a consequence, the �ow rate provided by the pump
can be controlled.

Jack connection was chosen between the pump and the control unit, to guarantee
the possibility to connect di�erent kinds of pump.

A dedicated Arduino code was developed to power o�/power on the micro-controller
(and therefore the pump), to select the maximum power supply suitable for the
chosen pump and to switch o� the pump in case of excess power.

All the electric components were collected within an electric box, with a custom
made and user-friendly interface. An OLED display and a digital voltmeter on
the interface permits the user to have a feedback on the power supply and on the
state of the pump.

Dimensioning of the �uidic circuit The �uidic circuit was made of plat-
inum cured silicone tubes (Saint Gobain, France) connected through PP luer lock
connectors (Nordson Corporation, OH, US). The circuit was dimensioned to guar-
antee the oxygenation of the culture medium in both the extra-adventitial and the
intra-luminal compartments.

Dimensioning of the extra-adventitial compartment The extra-adventitial
compartment was considered static, so only di�usion was kept in consideration.
This assumption is in favour of safety.
To model the oxygen di�usion in the extra adventitial compartment, it was used
the second Fick's law [17].
With the reference system in Figure 4.4.a, the changes of concentration of a solute
(C ) with respect to time due to di�usion were expressed with the following equa-
tion (Eq. 4.8):

∂C

∂t
= D(

∂2C

∂x2
+
∂2C

∂y2
+
∂2C

∂z2
) (4.8)

where D is the di�usion coe�cient of the solute (in this case oxygen) in the me-
dium, equal to 2.18 10-5 cm2/s.
Under the hypothesis of stationary �ow and plane symmetry and adding the value
of volumetric consumption of oxygen of the vessel (V vessel ), Eq. 4.8was simpli�ed
to Eq.4.9:

D
∂

∂x

(
∂C

∂x

)
− Vvessel(C) = 0 (4.9)

The volumetric consumption of oxygen was set equal to 0.18 µmol/ml/s[18]
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By integrating the Eq. 4.9, it was possible to obtain the analytical expression of
the spatial distribution of oxygen concentration (Eq4.10):

C(x) =
1

2

(
Vvessel
D

)
x2 −

(
Vvesselh

D

)
x+ catm (4.10)

where h is the height of the adventitial reservoir (Figure 4.4.a) and catm is the
concentration of oxygen found into the incubator.

The minimum oxygen concentration is reached to the bottom of the adventitial
reservoir and it can be calculated imposing the value of x equal to h and obtaining
the following equation (Eq.4.11):

cmin = catm −
1

2D
h2 (4.11)

It was chosen a value of h that guaranteed a proper oxygenation of the vessel,
compatible with design requirements.

Applying the Henry's low equation (Eq. 4.12) it was possible to obtain the cor-
responding value of oxygen partial pressure:

pO2 =
c

α
(4.12)

where α is the solubility coe�cient of oxygen in the culture medium (equal to the
one in water that is 1.35 10-9 mol/mmHg/cm3.

Dimensioning of the intra-luminal compartment To dimension the intra-
luminal compartment, the gaseous exchange between the intra-luminal compart-
ment and the incubator environment was modelled using an analytical model ad-
apted from literature[19]. The model is based on the balance between the oxy-
gen replenishment and the oxygen depletion within the system. The exchange
occurs via the free surface of the medium in the luminal reservoir, via the oxygen-
permeable silicone tubing and via the vessel segment.
To simplify the model and to stay in favour of safety, the reservoir was considered
to be not oxygenating, the vessel was considered responsible for oxygen consump-
tion and the replenishment of oxygen was charged only to silicone tubing (Figure
4.4.b).

The global oxygen transfer across the surface and along all the length of the silic-
one tubing (VO2 sil ) was expressed by the equation (Eq. 4.13):

V O2sil = αQ (pO2OUTsil − pO2INsil) (4.13)

where α is the solubility coe�cient of oxygen in the culture medium (equal to the
one in water that is 1.35 10-9 mol/mmHg/cm3), Q is the �ow rate and pO2IN sil

and pO2OUT sil are respectively the oxygen partial pressure at the inlet and at the
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outlet of the silicone tube.
The local oxygen transfer across the surface of the silicone tubing (J∆x) was driven
by the di�erent partial pressure between the medium �owing into the tubing at a
generic distance x from the inlet (pO2 (x)) and the constant partial pressure in the
incubator environment (pO2EXT ), that with an air composed by 5% of CO2was
equal to 150 mmHg.
The local oxygen transfer was therefore expressed by the following equation (Eq.
4.14):

J4x = UW4x (pO2EXT − pO2(x)) (4.14)

In Eq. 4.14 J is the volumetric transport rate of oxygen per unit length, U is the
overall mass transfer coe�cient of the tubing and W is the logarithmic mean of
the inner and outer tubing circumference.
The overall mass transfer coe�cient U takes into account the various resistances
encountered by the oxygen while di�using from the medium to the external envir-
onment. These resistances are: (i) the medium itself (Rmedium), (ii) the silicone
tube (Rsil ), and (iii) the outer environment (Rout). The Eq. 4.15 expressed the
relationship among these resistances and the coe�cient U :

U =
1

Rmedium +Rsil +Rout
(4.15)

Referring to the work of Orr and colleagues [19], the three resistances were mod-
elled considering �uid-dynamic and geometrical parameters.
In particular, Rmedium was calculated as (Eq. 4.16):

Rmedium =
H

Ki
(4.16)

In the formula 4.16, H is the Henry coe�cient (equal to 7.47 108 mmHg cm3/mol)
and K i is the inner tubing �lm coe�cient, which takes into account the Sherwood
number in the medium (Sh i), that depends on Reynolds and Schmidt numbers
[20], the di�usion coe�cient of oxygen in the medium (D) and the inner diameter
of the tubing (d i). Rmedium was expressed according with the following equation
(Eq. 4.17):

ki =
ShiD

di
(4.17)

The hindrance to oxygen di�usion exerted by the silicone tubing was calculated
as (Eq. 4.18):

Rsil =
tmWi

ρgasPmW
(4.18)

where tm is the tubing thickness, W i the inner tubing circumference, ρgas the
gas density (equal to 4.46 10-5 mol/cm3) and Pm the permeability to oxygen of

64



silicone (equal to 7.96 10-9 cm2/s/mmHg).
Finally, the resistance of the outer environment was calculated using the Eq. 4.19:

Rout =
RTWi

KoWe
(4.19)

where R is the gas constant (corresponding to 6.24 104cm3 mmHg/ mol K), T
the temperature within the incubator (equal to 310 K), W e the external tubing
circumference and K o the outer tubing �lm coe�cient.
K o was calculate similarly to K i , with the Eq.4.20:

Ko =
SheDair

de
(4.20)

where She is the outer Sherwood number, calculated considering stagnant gas and
corresponding to 0.43, De is the di�usion coe�cient of oxygen in air (equal to 0.21
cm2/s) and de is the external diameter of the silicone tube.

Once combined the Eq. 4.154.164.174.184.194.20 to obtain the value of U, the
global oxygen transfer of the silicone tubing VO2silcan be found integrating the
Eq. 4.14 along the length of the tubing (L) (Eq. 4.21):

V O2sil =

L̂

0

Jdx (4.21)

Solving Eq. 4.21 for the partial pressure at the outlet of tubing, the following
equation was derived (Eq.4.22):

pO2OUTsil = pO2EXT − (pO2EXT − pO2INsil) e
−UWL

αQ (4.22)

The oxygen consumption along the vessel (VO2vessel ) was expressed with the fol-
lowing equation (Eq. 4.23) :

V O2vessel = αQ (pO2INvessel − pO2OUTvessel) (4.23)

where pO2INvessel and pO2OUTvessel are respectively the oxygen partial pressure
within the medium at the inlet and at the outlet of the vessel. Based on data
found in the literature, the VO2vessel was set equal to 3.30 10-7mol/min [18].

Finally, due to the physical continuity between silicone tubing and the vessel, the
following equations were written (Eq. 4.244.25):

pO2OUTsil = pO2INvessel (4.24)

pO2INsil = pO2OUTvessel (4.25)
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Combining the Eq. 4.24 and 4.25 with the Eq. 4.22 and 4.23, it was possible
to derive the expression of the length of silicone tubing necessary to guarantee a
su�cient replenishment of the oxygen within the system.
This value of length (L) was expressed with the equation (Eq.4.26):

L = − αQ

UW
log

pO2EXT − pO2OUTsil

pO2EXT − pO2OUTsil +
(
V O2vessel

αQ

) (4.26)

Imposing a target value of oxygen partial pressure at the outlet of the silicone
tubing, L was used as parameter for dimensioning the �uidic circuit.

Figure 4.4: Dimensioning of the circuit. (a) The extra-adventitial compartment (pink) was modelled
under the hypothesis of stationary �ow and plane symmetry. The di�usion of oxygen along the x -
direction within the reservoir was modelled according to the second Fick's law. The minimum value
of oxygen partial pressure was found at a distance h to the free surface. This distance was calculated
keeping into account the encumbrance of the connectors and of the vessel. (b) The oxygen exchange in
the intra-luminal compartment was modelled according to Orr et al. [19]. The replenishment of oxygen
was attributed to the silicone tubing. The local oxygen transfer (J ) across the silicone was driven by
the di�erence between the oxygen partial pressure in the incubator (pO2 EXT ) and the oxygen partial
pressure within the tube. The consumption of oxygen by the vessel (VO2vessel ), instead, was responsible
for the reduction in the level of oxygen.

4.3.2.3 Development of a new method for anchoring the vessels within
the system

An innovative method was developed to guarantee an a-traumatic mounting pro-
cedure of the vessels within the bioreactor (Figure 4.5).

The method consisted in the release of rubber bands through a custom made tool,
to anchor the vessel to the barbed connectors of the bioreactor.

The bands are silicone bands (KilRoid, WellSpect HealthCare, Sweden) typically
used in haemorrhoids treatment.

The release tool was designed using the three dimensional CAD software PTC Creo
Parametric 4.0 (PTC Inc., MA, US) and manufactured with computer numerical
control machining (Modela MDX-40, Roland, Japan) from a POM block (Plasting
S.r.l., Italy).
The tool has an housing for the rubber band and an opportunely dimensioned
POM cone was manufactured to help the dilation and the positioning of the rubber
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bands around the housing (Figure 4.5.a). A spring mechanism guarantees the fast
release of the silicone bands. The tool is characterized by a U-shape to permit its
removal once the vessel has been anchored.

Brie�y, the mounting procedure with the method here presented is composed by
a few steps.
Firstly, male slip connectors of proper size are mounted into the holder described
in paragraph 4.3.2.1. The holder is positioned in a home made POM support
platform to ease the procedure. One silicone band is mounted on the releasing
tool, as previously described. The vessel is partially passed inside the silicone band
(and the releasing tool) and then put on the barbed connector. After positioning
the vessel, the releasing tool is moved at the base of the connector and the silicone
band is released shutting around the vessel on the connector 4.5.b). Finally, the
release tool is removed and the procedure is repeated to mount the other end of
the vessel to the second connector (Figure 4.5.c).

Figure 4.5: The new method for anchoring the vessel within the bioreactor. (a) An elastic band is mounted
on the releasing tool with the help of a custom made cone for dilate it. (b) Barbed luer connectors are
placed within the vessel holder. The vessel is put on the connector and the elastic band, mounted on the
releasing tool, is positioned at the base of the barbed luer connector. Finally, the elastic band is released
with the tool. (c) The procedure is repeated twice and the releasing tool is removed from the vessel, that
has been anchored to the connectors in the vessel holder.

4.3.2.4 Characterization of the system

Before performing experiments with biological tissue, the system was characterized
at the μBS Lab of Politecnico di Milano. The characterization was used both to
evaluate the performances of the system but also to dimension some components.

Assessment of the hydraulic seal The performances of the home made silic-
one gaskets were evaluated through 24/48/72 hours experiments.
During these experiments, gaskets of di�erent materials were compared. In partic-
ular, the commercial silicone rubbers used were EcoFlex 00-50 (Smooth-On Inc.,
PA, US), Dragon Skin (Smooth-On Inc., PA, US), and GLS-Pro 50 (Prochima
S.r.l., Italy).
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Gaskets of di�erent dimensions (i.e., di�erent internal and external diameter) were
tested.

During these experiments, it was also evaluated the deterioration of the gaskets
provoked by the use of screws to impose the deformation.

Hydraulic characterization The hydraulic characterization was performed
using distilled water as re-circulating medium and using a silicone phantom to
mimic the presence of the native blood vessel. The small commercial roller pump
chosen for the system was used for the hydraulic characterization.

The system was con�gured as shown in Figure 4.6. Brie�y, the extra-adventitial
compartment was kept in static conditions. In the intra-luminal compartment,
the medium was re-circulated from the standard luminal reservoir to the vessel
through previously dimensioned (paragraph 4.3.2.2) silicone platinum cured tubing
connected to the roller pump.

Evaluation of the pressure losses For evaluating the pressure losses within
the culture system, two piezoelectric pressure transducers (143PC series, Honey-
well Inc, NJ, US) were positioned in derivation upstream and downstream of biore-
actor vessel holder (Figure 4.6.a). A transit-time ultrasound �ow meter (Tran-
sonic System Inc., NY, US) equipped with a 1⁄8� probe was used for acquiring the
�ow rate signal. Both pressure and �ow rate values were acquired (10 s, sample
frequency of 200 Hz) via a customized LabView software (National Instruments
Corp., TX, US).

The pressure losses were calculated with two di�erent silicone tubes (i.e., silicone
tube with internal diameter of 0.8 mm and thickness 0.8 mm versus silicone tube
with internal diameter 1.6 mm and thickness 0.8 mm) and, with connectors of
di�erent sizes (i.e., 0.8, 1.6, 2.4, 3.2 mm)

For each condition and for each �ow rate, three experiments were performed and
it was calculated mean and standard deviation values.

Assessment of the performances of the pulse dampener Once calculated
the values of compliance using data from the hydraulic characterization, experi-
ments were performed to evaluate the performances of the hydraulic �lter.

A setup similar to the one described in the previous paragraph was used, but only
one pressure transducer (143PC series, Honeywell Inc, NJ, USA) was positioned in
derivation upstream to the vessel (4.6.b). Flow rate was monitored with a transit-
time ultrasound �ow meter (Transonic System Inc., NY, US) equipped with a 1⁄8�
probe. Both pressure and �ow rate values were acquired (10 s, sample frequency
of 200 Hz) via a customized LabView software (National Instruments Corp., TX,
USA).

68



The dampener was positioned downstream to the pump and connected through a
three-ways-stopcock (Nordson Corporation, OH, US).

For each condition taken into account (i.e., di�erent tubes and di�erent connect-
ors) the value of the corresponding dampener was calculated and its performance
tested.

The trend and the oscillation of the �ow rate values with or without the dampener
were compared.

Figure 4.6: Hydraulic characterization of the system. (a) In the setup used for performing the hydraulic
characterization, a silicone phantom mimicked the presence of the vessel. The luminal reservoir was
connected to the vessel holder through silicone tubing. The medium was re-circulated with a peristaltic
pump. The pressure at the inlet and at the outlet of the holder were monitored to evaluate the pressure
losses induced by vessel of di�erent size, and therefore di�erent connectors. The �ow rate was measured
during the characterization using a probe connected to an ultrasound �ow meter. (b) For assessing the
performances of the pulse dampener, a similar setup was used, but it was monitored only the values of
pressure at the inlet of the vessel holder, comparing the oscillations with or without the dampener.

4.3.2.5 Functional evaluation of the system with biological samples

A campaign with biological samples was performed at the μBS Lab of Politecnico
di Milano to evaluate the functionality of the system. Animal tissues were chosen
as model for the experiments.

Choice, transport and isolation of the animal vessel Porcine right coron-
ary artery (RCA) was chosen as vessel for performing the functional evaluation of
the bioreactor.
The tissues used in the experiments came from animals designated for human
consumption.

Porcine hearts were withdrawn at a local abattoir immediately after the sacri�ce of
the animal and put in a preservation medium. The preservation medium consisted
of Hank's Balanced Salt Solution (HBSS, EuroClone, Italy) supplemented with 200
U/ml PenStrep (EuroClone, Italy), 200 μg/ml Gentamycin (EuroClone, Italy) and
2.5 μg/ml Amphotericin B (EuroClone, Italia).
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The isolation of the vessel was performed under biological hood with sterile tools.
Brie�y, after identifying the RCA ostium, connective tissue and fat were gently
and gradually removed from the area around the coronary artery using surgical
tweezers and scissors (Figure 4.7.a).

Images of transversal sections of RCA were acquired using a stereo microscope
(Olympus SZX10, Olympus Corporation, Japan) and their diameters were meas-
ured using the software ImageJ.

Experiments with porcine coronary arteries All the bioreactor compon-
ents, included the silicone elastic bands and the releasing tool used for anchoring
the vessel, were previously autoclaved.

The experimental �ow rate was calculated to guarantee a value of wall shear stress
for the RCA samples equal to 20 dynes/cm2, which corresponds to in vivo value
[21, 22, 23]. It was found solving the equation of wall shear stress (τw ) for �ow
rate, according to the following equation (Eq. 4.27):

Q =
τwr

3

4πµ
(4.27)

where Q is the �ow rate, r the radium of the vessel and μ the viscosity of the
medium (equal to 0.001 Pa�s).

Cleaned segments of RCA (n=5) without visible collateral vessels were chosen for
the experiments.

In each experiment, the sample was mounted within the bioreactor holder with
the method described in paragraph 4.3.2.3(Figure 4.7.b).

After the mounting procedure, the bioreactor was assembled and connected to the
hydraulic circuit as shown in Figure 4.7.c. The extra-luminal compartment was
kept in static condition and the medium was re-recirculated in the intra-luminal
compartment. It was used the standard luminal reservoir. The �uidic circuit was
properly dimensioned and equipped with a dampener.

The intra-luminal and the extra-adventitial compartments were �lled with respect-
ively 6 ml and 17 ml of DMEM additioned with 10% FBS and 1% PenStrep.

Before moving the system into the incubator, the bioreactor was closed with a
sterile lid of a standard Petri-dish, as seen in paragraph 4.3.2.1 (Figure 4.7.d).

Therefore, 24-hours dynamic conditioning of the vessel was performed within the
incubator.

As a control, segments of RCA (n=5) were kept in static conditions for 24 hours
into the incubator.

One further experiment was conducted to evaluate the capability to maintain the
sterility within the bioreactor for 72 hours.
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Figure 4.7: Functional evaluation of the system. (a) After the withdrawal of the porcine heart at a local
abattoir, the right coronary artery was isolated from the surrounding tissue, and (b) mounted within
the bioreactor. (c) The functional evaluation of the system was performed with the setup shown in the
scheme. Brie�y the extra-adventitial compartment was kept static, while the medium in the intra-luminal
compartment was re-circulated into the vessel through a small commercial roller pump. The pulsation
of the pump were dampened with the custom made �lter. The hydraulic connection was performed via
silicone tubing opportunely dimensioned. (d) Picture of the system in the incubator: the �uidic circuit
and the roller pump were placed within the incubator during the conditioning period.

Tissue viability evaluation Rings of native and conditioned, both static-
ally and dynamically, RCA samples were stained with methylthiazol tetrazolium
(MTT, Sigma-Aldrich, MO, US) [24, 25]. Brie�y, MTT powder was dissolved in
PBS, obtaining a �nal concentration of 0.5 mg/ml. The rings were incubated at
37 °C for 1 h in MTT solution. As a negative control, one RCA ring was �xed
with 4% formaldehyde overnight and then incubated in MTT solution.

After the incubation, pictures were taken using a stereo microscope (Olympus
SZX10, Olympus Corporation, Japan). The rings were then �xed overnight in 4%
paraformaldehyde (PFA, Sigma Aldrich, MO, US), embedded in OCT and cut for
further qualitative analysis.

Morphological assessment The central part of each sample (i.e., native,
dynamically and statically conditioned) was �xed in 4% PFA overnight, OCT-
embedded and cut into sections using a cryotome.

H&E staining (BioOptica Milano SpA, Italy) was performed on the sections and
images were taken at the microscope to qualitatively evaluate the structure of the
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vessel wall.

Immuno�uorescence staining for SMCs and ECs were performed. Sections were
incubated (4°C, overnight) with goat anti-human SM22 (1:200) for labelling SMCs.
The subsequent day they were incubated with secondary antibody Alexa Fluor
488 donkey anti-goat (1:500). Then, ECs were labelled with rabbit anti-human
von Willebrand factor (1:200). The incubation was performed for 2 hours at
room temperature and followed by 45' of incubation with Alexa Fluor 594 donkey
anti-rabbit (1:500). Nuclei were counterstained with DAPI. Digital images were
obtained using a �uorescence microscope at a magni�cation of 20X.

4.4 Results

4.4.1 Evaluation of the performances of the preliminary proto-

type

The functional evaluation of the �rst prototype with human IMA samples proved
that the system could be compatible with standard laboratory procedures.

The Petri-like design permitted to have easy access to the vessel at any time during
the conditioning period.

H&E (Figure 4.8.a) showed that IMA morphology was preserved during the con-
ditioning within the bioreactor.
This result was con�rmed by the immuno�uorescence staining; in fact the labelling
of arterial ECs and SMCs proved the preservation of the morphology, the general
preservation of an endothelial layer and the absence of dissecation signs (Figure
4.8.b).
Moreover, the perfusion of �uorescent dextrans in the intra-luminal compartment
demonstrated the absence of evident leakages through the arterial wall (Figure
4.8.c).

Nevertheless, some issues were highlighted during this functional validation.

First of all, the experimental campaign showed some technological limits of the
material used for manufacturing the chamber. In fact, the threaded connections
realized within the POM loosened after a few uses, not ensuring anymore the
hydraulic sealing.

In addition, although vessel loops guaranteed a good anchoring of the vessel to
the barbed luer connectors, they were not ideal for the tissue. In fact, the closure
of the loops required a vigorous procedure that could be harmful for the vessel.
Moreover, once anchored to the connectors, the vessel could be damaged when
moved into the bioreactor.

The presence in the bioreactor of two chambers, although hydraulically independ-
ent, proved to be a potential risk in case of contamination of one of the two
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chambers.

Finally, another issue was the oscillation in the �ow rate induced by the roller
pump, because it provoked an unwanted pulsation of the vessel.

Figure 4.8: Evaluation of the �rst prototype. (a) Haematoxylin & Eosin histological staining highlighted
the presence of the endothelium and a preservation of the structure of the IMA samples conditioned in
�uid dynamic conditions within the culture system. (b) Immuno�uorescence con�rmed the presence of
an endothelial lining (endothelial cells were labelled with vonWillebrand factor, red) and a well preserved
structure (smooth muscle cells were labelled via sp22, in green). DAPI was used to mark nuclei (in blue).
(c) Perfusion of �uorescent dextrans demonstrated the absence of leakage in ex-vivo experiments with
IMA.

4.4.2 Evaluation of the performances of the advanced prototype

4.4.2.1 Evaluation of the oxygenation

According to the model used to evaluate the oxygen pro�le within the adventitial
reservoir, increasing the height of the reservoir, a lower concentration of oxygen
is found. Considering a height of 17 mm, which is compatible with the physical
encumbrance of the connectors and of the bioreactor holder, the corresponding
minimum oxygen partial pressure is equal to 151.57 mmHg (Figure 4.9.a).

The length of silicone tubing necessary to ensure an intra-luminal compartment
oxygenation was evaluated considering two di�erent silicone tube diameters (i.e.,
0.8 and 1.6 mm of internal diameter).

Increasing the diameter of silicone tubing, the exchange area increases with a
resulting decrease of the length necessary to obtain oxygenation. Moreover, as the
�ow rate increases the necessary tubing length increases too.

Figure 4.9.b and Figure 4.9.c shows the trend of the length as a function of the �ow
rate for the two di�erent silicone tubes. In the graph, the length is parameterized
for di�erent values of the desired pO2 OUT sil.
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4.4.2.2 Assessment of the hydraulic seal

Among the di�erent materials used for manufacturing the rubber gaskets used
within the bioreactor, only Dragon Skin proved to be suitable for this scope. In
fact, with EcoFlex 00-50 and GLS-Pro 50 the hydraulic seal was guaranteed only
for a couple of hours.

The chosen silicone gaskets were optimized to permit a good match between vessel
holder and bioreactor cylindrical chamber but, at the same time, a good hydraulic
sealing.

The tests highlighted that the silicone gaskets were subjected to an important
degeneration provoked by the screws used to ensure their deformation. After three
experiments, such degeneration a�ected the capability of the gasket to provide a
good sealing. Given this, new gaskets must be used at least every three experiment.
The technology used to produce the gaskets proved to be fast and low cost.

4.4.2.3 Hydraulic characterization of the system

Di�erent tubing diameters a�ect enormously, as expected, the resistivity of the
system.
In fact, the values of pressure registered in the circuit with the 0.8-mm-inner-
diameter silicone tube (Figure 4.9.d) are much higher than the ones registered in
the circuit with the 1.6-mm-inner-diameter silicone tube (Figure 4.9.e).

Comparing the values of pressure upstream and downstream to the bioreactor
vessel holder, it was possible to evaluate the pressure loss due to the presence of
the connectors and of the vessel. As expected, the 0.8 mm connectors are very
resistive. In this case the value of pressure registered upstream to the bioreactor
vessel holder were much higher than the ones registered downstream, with both
the silicone tubing. With all the other connectors, the pressure loss along the
vessel holder was not very high.

Finally, due to the hydraulic resistance of the circuit made with the 0.8-mm-inner-
diameter silicone tube, the values of �ow rate obtained were much lower than the
ones obtained with the same roller pump under the same power supply with the
1.6-mm-inner-diameter silicone tube.

4.4.2.4 Performances of the pulsation dampener

The hydraulic characterization of the system was fundamental for calculating the
values of compliance necessary to dampen the oscillation induced by the roller
pump into the system.

Comparing the values of pressure in the �uidic circuit equipped with dampener
with the values registered in the �uidic circuit not equipped with dampener, a
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considerable reduction in the oscillations could be seen.
This behaviour was veri�ed with both the circuits (i.e., 0.8-mm-inner-diameter
and 1.6-mm-inner diameter) and with all the connectors, changing each time the
value of compliance of the dampener, according to the dimensioning described in
paragraph 4.3.2.4.

Figure 4.9.f shows one representative comparison of the pressure oscillation with/without
dampener.

Figure 4.9: Dimensioning and characterization of the system. (a) The graph shows the values of oxygen
partial pressure reached into the extra-adventitial compartment at di�erent heights. An height of 17 mm
was considered suitable for the system. According to the model, the corresponding value of oxygen partial
pressure is 151.57 mmHg. (b) and (c) refer to the modelling of oxygen exchanges in the intra-luminal
compartment. The graphs show the length of the tubing necessary to reach the target oxygen partial
pressure at the outlet of the silicone tube as a function of the �ow rate. At the same �ow rate, decreasing
the diameter of the tube, longer tubes are necessary to reach the same oxygen partial pressure. The
target �ow rate values were set in a range going from 135 to 140 mmHg. (d) and (e) show the results
of the hydraulic characterization of the system provided with, respectively, 0.8-mm-inner-diameter tube
and 1.6-mm-inner-diameter tube. Each experimental curve represents the trend of the pressure at the
inlet or at the outlet of the vessel holder as a function of the �ow rate using di�erent connectors. For
each connector and for each �ow rate, three measurements were performed. Mean and standard deviation
values are reported in the graph. 0.8-mm-inner-diameter tubing proved to be clearly more resistive then
1.6-mm-inner-diameter tubing. Moreover, 0.8 mm connectors introduce an high minor head loss into the
circuit. (f) The values of compliance necessary to dampen the roller pump pulsation were calculated from
the hydraulic characterization. For each condition, the performance of the dampener was evaluated. The
graph reported is representative for the functioning of the dampener.

4.4.2.5 Experimental campaign with biological samples

Evaluation of the new anchoring method The new method for anchor-
ing the vessels proved to be suitable for mounting biological samples within the
bioreactor.
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Silicone bands were rapidly mounted on the releasing tool thanks to the cone.

The spring mechanism allowed an easy and fast release of the elastic bands.

With this method, the biological sample underwent a non-damaging manipulation:
the possibility to be subjected to damage was really restrained.

Functional evaluation of the system The functional evaluation of the system
was performed using porcine right coronary arteries.
From the analysis of the geometrical characteristics of the RCA samples, it was
found a mean diameter of 2.71 ± 0.57 mm and a wall of 0.81 ± 0.24 mm.
Therefore, a �ow rate of 30 ml/min was chosen to expose the vessel segment to a
physiological shear stress.
The �uidic circuit was realized using 1.6-mm-inner-diameter silicone tubing and
considering a tubing length of 100 cm.

The experiments with RCA samples proved that the bioreactor was easy to use
and compatible with laboratory procedures.

Visual inspection of the culture medium proved that there were no signs of con-
tamination after 24-hours neither 72-hours inside the incubator.

Results of viability tests MTT staining was used to assess tissue viability.
Images acquired after 24 hours with the stereo microscope showed that the viability
was maintained in samples kept under dynamic conditions (Figure 4.10.a) and
under static condition (Figure 4.10.b) similarly to native vessels, used as a positive
control (Figure 4.10.c).

Images acquired from sections of the MTT-stained vessels permitted a qualitative
evaluation of viability (Figure 4.11). Images showed a de-population of the medial
layer of the wall in all the samples, already visible in the native samples (Figure
4.11.a).
The distribution of endothelial cells was in some sections irregular, with some
areas lacking of endothelium. It was found more frequently in samples cultured
under �uid-dynamic conditions (Figure 4.11.c and Figure 4.11.f).

Histological and immuno�uorescence evaluation of vessel structure H&E
was used to assess the maintenance of structure of the coronary wall.

Images acquired with the microscope showed a good preservation of the struc-
ture, although the a de-population of the medial layer was found in native (Fig-
ure 4.12.a), static (Figure 4.12.b) and �uid-dynamic conditioned samples (Figure
4.12.c).
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Figure 4.10: Assessment of the viability of the samples. Rings of porcine right coronary artery stained with
MTT after 24 hours of culture under (a) dynamic, and (b) static conditions. Native and formaldehyde-
�xed tissues were used as positive (c) and negative (d) controls, respectively. The images in the �gure
are representative of the behaviour observed in all the samples and related control. Images were acquired
at the stereo microscope.

Moreover, some samples were characterized by the presence of an atherosclerotic
plaque (Figure 4.15).

Immuno�uorescence images con�rmed a general good preservation of the structure
(Fig. 4.13).
The comparison among the native sample (Fig. 4.13.a) and the static (Fig 4.13.b)
and the dynamic conditioned ones (Fig. 4.13.c) highlighted a localized loss of
continuity of the endothelium mainly in the dynamic sample.

As a proof of concept, immuno�uorescence images taken to check the endothelium
after 72 hours in dynamic conditions (4.14.a) show that the quality of endothe-
lium is comparable with the endothelium after 24 hours with a luminal perfusion
(4.14.b).

4.5 Discussion

In this work, a bioreactor for conditioning ex vivo whole vessel was designed,
manufactured and characterized. The system could be used to reproduce ex vivo
mechanisms involved in the progress of atherosclerosis to study the molecular and
cellular components involved and, perspectively, to propose and test therapeutic
solutions.
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Figure 4.11: Evaluation of MTT staining on sections of vessels. MTT-stained sections of native samples
(a) showed a general de-population of the medial layer. (b) Static conditioned samples were characterized
by good viability within all the layers. (c) Fluid-dynamic conditioned samples were characterized by a
general good viability in the adventitia, but some areas with lacking endothelium were found. (d), (e) and
(f) are representative zoomed areas of, respectively, native, static and �uid-dynamic conditioned vessels.
The images in the �gure are representative of the behaviour observed in all the samples.

One fundamental characteristic of the system is its versatility. In fact, thanks to
the design, the vessel holder is suitable for culturing vessels with di�erent diameters
and di�erent lengths.

Furthermore, the Petri-like design ensures the possibility to have easy access to
the vessel during the conditioning. It is therefore possible to translate into an ex
vivo model some procedures that, to our knowledge, have been carried out only in
animal models. For example, it is possible to reproduce ferric-chloride thrombosis
to study ex vivo the mechanism of thrombosis and to perform pharmacological
tests [26, 27, 28]. Moreover, thanks to its versatility, the design of the vessel
holder can be easily modi�ed to obtain an ex vivo model of anastomosis. It would
allow to study the relationship between anastomosis and thrombosis, which is still
a debating topic [29, 30]. All these peculiarities make the bioreactor innovative;
in fact, bioreactors found in literature or commercially available cannot be easily
opened and therefore the access to the vessel is challenging [31, 32, 33].

In addition, the very low intra-luminal compartment priming volume is an innov-
ative feature for an ex vivo culture system. This makes the bioreactor suitable for
performing pharmacological tests without increasing the costs.

Furthermore, the separation between the intra-luminal and the extra-adventitial
compartments o�ers the possibility to reproduce more realistic in vivo conditions;
in fact the two compartments are characterized by di�erent biochemical environ-
ment [12].
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Figure 4.12: Evaluation of the preservation of the wall structure. Haematoxylin and Eosin staining
proved that the structure of the wall vessel was preserved in (a) native, (b) static, and (c) �uid-dynamic
conditioned vessels. In all the samples, a general de-population of the medial layer could be seen. The
images in the �gure are representative of the behaviour observed in all the samples.

Figure 4.13: Immuno�uorescence staining of the slices. (a) The native sample, which is the coronary
artery after the isolation of the coronary, is characterized by a good preservation of the structure of the
vessel and a continuity of the endothelium. (b) After 24 hours in static conditions, the structure is �ne
and the endothelium still preserved. (c) In the dynamically conditioned sample, instead, it is visible a
discontinuity of the endothelium in some areas. In red von Willebrand Factor labelling the endothelial
cells, in green SM22 for smooth muscle cells and in blue the nuclei with DAPI. The images in the �gure
are representative of the behaviour observed in all the samples.

From a technical point of view, the system proved to be compatible with standard
laboratory procedures. The anchoring of the vessel could be performed under
biological hood, minimizing the manipulation of the sample. In this way, even
fragile vessels could be addressed by this culture system.

Sterility is guaranteed by the use of previously autoclaved components. During
the experiment, indeed, the Petri-like design permits a good oxygenation but pre-
venting the bacteria in�ltration.

The use of HP MultiJet Fusion additive manufacturing demonstrated to be a
good and not expensive solution for realizing a culture system with a complex
design. In fact, the material used is biocompatible, autoclavable and suitable for
post-processing machining. The post-processing allowed to smooth the surface, to
further reduce the probability of bacteria contamination [34].

The matching between the two components of the system, the vessel holder and
the cylindrical bioreactor chamber, thought to minimize the manipulation of the
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Figure 4.14: Comparison between samples dynamically conditioned for di�erent times. (a) Samples
dynamically conditioned for 72 hours show an endothelium preserved but with some areas of disconuity.
(b) Pictures taken on samples conditioned for 24 hours are similar to the ones conditioned for 72 hours.
In green von Willebrand Factor labelling the endothelial cells, and in blue the nuclei with DAPI. The
images in the �gure are representative of the behaviour observed in all the samples.

vessels, was made possible by the use of home made silicone gaskets. The silicone
material used, Dragon Skin, is biocompatible [35, 36] and the manufacturing tech-
nique suitable for mass production. These components can be therefore considered
disposable, to avoid the risk of leakages. These components are fundamental; in
fact the well functioning of the sealing is also necessary to maintain the sterility
during the experiments.

The choice of a small commercial pump was done with the aim of compacting
the system and minimizing the priming volumes. These pumps can be placed
within the incubator and it represents an innovative characteristic for the biore-
actor, compared to the other systems found in literature. In this way, the values
of humidity and temperature of the conditioning medium are kept more uniform,
limiting evaporation.
Peristaltic pumps were preferred to centrifugal ones, because they are easily ster-
ilized by autoclaving the pump tube. Moreover, peristaltic pumps are not sensible
to any changes in the after load and it is an advantage when working with biolo-
gical samples, to prevent them from drying out in case of sudden increase of the
resistance of a component of the �uidic circuit.

To ful�l the control of small commercial roller pumps, a control unit was designed
and developed. This component contributed to the compactness of the system,
that could be easily transported and used in any laboratory, without having to
rely on heavy commercial roller pumps (e.g., the Watson-Marlow used in the �rst
prototype of the system).
The control unit was provided with a micro-controller. In perspective, this could
be exploited to implement a feedback control system based on the use of sensors
connected to the bioreactor. This would become essential if the �uidic circuit is
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implemented to stimulate the samples with a coronary-like �ow rate, to obtain a
more realistic replication of biomechanical and �uid-dynamic environment [37, 25,
38].

The oxygenation of the medium was a fundamental requirement, necessary to
keep the vessel alive during the conditioning period[39]. Analytical models were
used to model the oxygen availability within both the intra-luminal and the extra-
adventitial compartments. Regarding the intra-luminal compartment, the length
of the silicone tubing is a crucial point, because oxygenation must be ensured
without increasing excessively the priming volume. According to literature, a
value of oxygen in the range 137-140 mmHg was considered to be acceptable for
maintaining the viability of the vessel segments [40, 41, 42].

The hydraulic characterization highlighted that 0.8 mm connectors are very res-
istive components. This had two main consequences. First of all, the value of
pressure measured at the inlet of the vessel holder was not representative of the
pressure within the vessel. Secondly, the values of pressure within the system
were considerably higher if compared with the ones obtained with other connect-
ors. This must be taken into account when dealing with small calibre vessels, to
avoid damages due to high pressures.

Animal tissue was chosen for the functional evaluation of the bioreactor. The use of
tissue from animals designated for human consumption avoided supply problems.
In particular, the elective vessel was the porcine right coronary artery thanks to
his easy withdrawal and the presence of a few collateral vessels.

Viability tests and histological staining proved that the structure of the vessel was
preserved during the experiments. Nevertheless, in some samples some irregular-
ities were found. In particular, some parts of the endothelium were lacking in
cells. This could be explained if the vessels have been already atherosclerotic, as
suggested by the presence of atherosclerotic plaques into the lumen.
In the samples exposed to �uid-dynamic stimulus, instead, the partial denudation
of the endothelium is more evident. It could be caused by the sudden exposure
to a high �ow rate. To avoid this problem, the exposure to the target �ow rate
should be reached gradually, as seen in literature [43].

Moreover, a general qualitative decrease in the number of cells was found in the
medial region of all the samples, but it is consistent with other studies found in
literature. In fact, the medial layer is characterized by levels of oxygen lower
than adventitial and luminal side. The damage occurring in the media during the
harvesting could not be restored by the restoration of the oxygen levels at the
luminal or at the adventitial sides [12].

Once assessed the viability and the preservation of the structure, vessel wall injury
can be induced with ferric-chloride to study the pathological mechanisms involved
in the development of thrombosis.
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Figure 4.15: Pre-existent atherosclerotic plaque. The presence of atherosclerotic plaques in some samples
could be responsible for atherosclerotic damages to the endothelium.

4.6 Conclusions

The design and the manufacturing of an innovative culture system for whole vessel
was presented in this chapter.

The main characteristic of this system is its versatility, thanks to an innovative
design, obtained with the use of additive manufacturing.

The functional evaluation of the bioreactor proved that it can provide an ex vivo
model to study cardiovascular diseases.

Nevertheless, long term culture must still be performed with the system to evaluate
its reliability.

Moreover, some implementations could be done to obtain a more realistic model.
In perspective, for example, a coronary-like �ow rate and a biochemical environ-
ment more similar to the one found in vivo could be reproduced in the bioreactor.

Once assessed that native vessels can be cultured in the system without inducing
alteration to the structure, standard in vivo procedures can be translated into the
ex vivo model to induce vessel wall injury.

The ex vivo model could be therefore exploited to study the pathological mechan-
isms and, at a later time, to evaluate the e�ects of therapeutic treatments.

82



Bibliography

[1] J. Pudur, C. B. C., G. P. L., and M. Nigel. Animal Models of Thrombosis
From Zebra�sh to Nonhuman Primates. Circulation Research, 118(9):1363�
1379, 2016.

[2] Y. S. Zhang, R. Oklu, and H. Albadawi. Bioengineered in vitro models of
thrombosis: methods and techniques. Cardiovascular diagnosis and therapy,
7(Suppl 3):S329�S335, 2017.

[3] F. Otsuka, S. Yasuda, T. Noguchi, and H. Ishibashi-Ueda. Pathology of
coronary atherosclerosis and thrombosis. Cardiovascular diagnosis and ther-
apy, 6(4):396�408, 2016.

[4] B. C. Cooley. Murine models of thrombosis. Thrombosis Research,
129(2):S62�S64, 2012.

[5] A. C. Weyand and J. A. Shavit. Zebra�sh as a model system for the study of
hemostasis and thrombosis. Current opinion in hematology, 21(5):418�422,
2014.

[6] C. V. Denis, C. Dubois, L. F. Brass, J. W. M. Heemskerk, and P. J. Lenting.
Towards standardization of in vivo thrombosis studies in mice. Journal of
Thrombosis and Haemostasis, 9(8):1641�1644, 2011.

[7] H. C. Whinna. Overview of murine thrombosis models. Thrombosis Research,
122(SUPPL.1):64�69, 2008.

[8] W. Li, T. M. McIntyre, and R. L. Silverstein. Ferric chloride-induced murine
carotid arterial injury: A model of redox pathology. Redox Biology, 1(1):50�
55, 2013.

[9] A. P. Owens, Y. Lu, H. C. Whinna, et al. Towards a standardization of the
murine ferric chloride-induced carotid arterial thrombosis model. Journal of
Thrombosis and Haemostasis, 9(9):1862�1863, sep 2011.

[10] B. Furie and B. C. Furie. Thrombus formation in vivo. The Journal of clinical
investigation, 115(12):3355�3362, dec 2005.

[11] A. Rezvan, C.-W. Ni, N. Alberts-Grill, and H. Jo. Animal, In Vitro , and Ex
Vivo Models of Flow-Dependent Atherosclerosis: Role of Oxidative Stress.
Antioxidants & Redox Signaling, 15(5):1433�1448, 2011.

83



[12] M. Piola, F. Prandi, G. B. Fiore, et al. Human Saphenous Vein Response
to Trans-wall Oxygen Gradients in a Novel Ex Vivo Conditioning Platform.
Annals of Biomedical Engineering, 44(5):1449�1461, 2016.

[13] L. A. Cox, L. T. Van Eijk, B. P. Ramakers, et al. In�ammatio induced
increases in plasma endocan levels are associated with endothelial dysfunction
in humans in vivo. Shock, 43(4):322�326, 2015.

[14] W. Lee, S.-K. Ku, and J.-S. Bae. Anti in�ammatory E�ects of Baicalin,
Baicalein, and Wogonin In Vitro and In Vivo. In�ammation, 38(1):110�125,
2015.

[15] B. Tesfamariam. Endothelial Repair and Regeneration Following Intimal In-
jury. Journal of Cardiovascular Translational Research, 9(2):91�101, 2016.

[16] O. Frank. The basic shape of the arterial pulse. First treatise: mathematical
analysis. (English Translation, Original from 1899). Journal of molecular and
cellular cardiology, 22(3):255�77, 1990.

[17] A. Fick. On liquid di�usion (Reprint). Journal of Membrane Science,
100(1):33�38, 1995.

[18] R. J. Paul. Chemical Energetics of Vascular Smooth Muscle. In Comprehens-
ive Physiology, Major Reference Works, pages 201�235. 2011.

[19] D. E. Orr and K. J. L. Burg. Design of a modular bioreactor to incorpor-
ate both perfusion �ow and hydrostatic compression for tissue engineering
applications. Annals of Biomedical Engineering, 36(7):1228�1241, 2008.

[20] M. S. Isaacson and A. A. Sonin. Sherwood Number and Friction Factor Cor-
relations for Electrodialysis Systems, with Application to Process Optimiza-
tion. Industrial and Engineering Chemistry Process Design and Development,
15(2):313�321, 1976.

[21] R. Mongrain and J. Rodes-Cabau. Role of Shear Stress in Atherosclerosis and
Restenosis After Coronary Stent Implantation. Revista Espanola de Cardi-
ologia, 59(1):1�4, 2006.

[22] R. Mundargi, D. Venkataraman, S. Kumar, et al. Novel Sensor-Enabled Ex
Vivo Bioreactor : A New Approach towards Physiological Parameters and
Porcine Artery Viability. BioMed Research International, 2015:8, 2015.

[23] M. I. Bogorad, J. DeStefano, A. D. Wong, and P. C. Searson. Tissue engin-
eered 3D microvessel and capillary network models for the study of vascular
phenomena. Microcirculation, 24(5):e12360, jul 2017.

[24] A. A. Miyakawa, L. A. O. Dallan, S. Lacchini, T. F. Borin, and J. E. Krieger.
Human saphenous vein organ culture under controlled hemodynamic condi-
tions. Clinics, 63(5):683�688, 2008.

[25] M. Piola, F. Prandi, N. Bono, et al. A compact and automated ex
vivo vessel culture system for the pulsatile pressure conditioning of human

84



saphenous veins. Journal of Tissue Engineering and Regenerative Medicine,
10(3):E204E215, 2016.

[26] S. Nouri, M. R. Sharif, and S. Sahba. The e�ect of ferric chloride on super�cial
bleeding. Trauma monthly, 20(1):e18042�e18042, 2015.

[27] W. Li, M. Nieman, and A. Sen Gupta. Ferric Chloride induced Murine Throm-
bosis Models. JoVE, (115):e54479, 2016.

[28] A. L. Huttinger, D. G. Wheeler, S. Gnyawali, et al. Ferric Chloride-induced
Canine Carotid Artery Thrombosis: A Large Animal Model of Vascular In-
jury. JoVE, (139):e57981, 2018.

[29] P. W. Henderson, J. G. Fernandez, Y. Cemal, et al. Successful Salvage of Late
Anastomotic Thrombosis after Free Tissue Transfer. Journal of reconstructive
microsurgery, 32(4):316�324, 2016.

[30] A. Iraj, P. Herle, G. Miller, et al. End to End versus End to Side Microvas-
cular Anastomosis: A Meta-analysis of Free Flap Outcomes. Journal of Re-
constructive Microsurgery, 33(06):402�411, 2017.

[31] N. Dahan, U. Sarig, T. Bronshtein, et al. Dynamic Autologous Reendotheli-
alization of Small-Caliber Arterial Extracellular Matrix: A Preclinical Large
Animal Study. Tissue engineering. Part A, 23(1-2):69�79, 2017.

[32] J. Wang, L. Liu, Y. Wu, et al. Ex vivo blood vessel bioreactor for analysis of
the biodegradation of magnesium stent models with and without vessel wall
integration. Acta Biomaterialia, 50:546�555, 2017.

[33] O. Udofot, L. H. Lin, W. H. Thiel, et al. Delivery of Cell-Speci�c Aptamers to
the Arterial Wall with an Occlusion Perfusion Catheter. Molecular Therapy
- Nucleic Acids, 16(June):360�366, 2019.

[34] G. D. Bayrak, N. Sandalli, S. Selvi-Kuvvetli, N. Topcuoglu, and G. Kulekci.
E�ect of two di�erent polishing systems on �uoride release, surface roughness
and bacterial adhesion of newly developed restorative materials. Journal of
Esthetic and Restorative Dentistry, 29(6):424�434, 2017.

[35] R. Herbert, J. H. Kim, Y. S. Kim, H. M. Lee, and W. H. Yeo. Soft mater-
ial enabled, �exible hybrid electronics for medicine, healthcare, and human
machine interfaces. Materials, 11(2), 2018.

[36] M. Scha�ner, J. A. Faber, L. Pianegonda, et al. 3D printing of robotic soft
actuators with programmable bioinspired architectures. Nature Communica-
tions, 9(1), 2018.

[37] F. Prandi, M. Piola, M. Soncini, et al. Adventitial vessel growth and progen-
itor cells activation in an ex vivo culture system mimicking human saphenous
vein wall strain after coronary artery bypass grafting. PLoS ONE, 10(2):1�20,
2015.

85



[38] D. A. Prim, J. D. Potts, and J. F. Eberth. Pulsatile Perfusion Bioreactor for
Biomimetic Vascular Impedances. Journal of Medical Devices, 12(4):41002�
41010, 2018.

[39] J. Kim, K. Kennedy, and G. Vunjak-Novakovic. Bioreactors in Regenerative
Medicine. In A. Atala, R. Lanza, A. G. Mikos, and R. B. T. Nerem, editors,
Principles of Regenerative Medicine - Third Edition, chapter 45, pages 787�
803. Academic Press, Boston, 2019.

[40] J.-A. Collins, A. Rudenski, J. Gibson, L. Howard, and R. O'Driscoll. Relat-
ing oxygen partial pressure, saturation and content: the haemoglobin-oxygen
dissociation curve. Breathe (She�eld, England), 11(3):194�201, 2015.

[41] J.-O. Dunn, M. G. Mythen, and M. P. Grocott. Physiology of oxygen trans-
port. BJA Education, 16(10):341�348, 2016.

[42] E. Ortiz-Prado, J. F. Dunn, J. Vasconez, D. Castillo, and G. Viscor. Partial
pressure of oxygen in the human body: a general review. American journal
of blood research, 9(1):1�14, 2019.

[43] M. H. Kural, G. Dai, L. E. Niklason, and L. Gui. An Ex Vivo Vessel Injury
Model to Study Remodeling. Cell Transplantation, 27(9):1375�1389, 2018.

86



Chapter 5

Design and characterization of a

tubular synthetic graft used as

model to study vascular diseases



5.1 Introduction

Neo-vascularization in atherosclerotic lesion greatly contributes to plaque instabil-
ity [1]. In atherosclerotic lesions, the angiogenic mechanism occurs from pre-
existing vasa vasorum. In fact, in atherosclerotic plaques, the oxygen availability
could be insu�cient due to intimal thickening and resulting decreased di�usion.
Therefore hypoxia and in�ammatory conditions induces the release of angiogenic
factors that stimulate the neo-vascularization sprouting from pre-existing vasa vas-
orum. This neo-vascularization could be initially protective, but it also intensi�es
in�ammation within the plaque, with consequent progression of the atherosclerotic
lesion [2].

In mammalian tissues, hypoxia is one of the most important angiogenic stimuli
and the hypoxia-inducible factor (HIF) is the major oxygen regulator, responsible
for the most transcriptional responses to low oxygen availability [3]. Up-regulation
of HIF, for example, induces the expression of vascular endothelial growth factor
(VEGF) [4, 5] and angiopoietin [3], which are well known to be inducers of an-
giogenesis [6, 7].

These neo-vascularization mechanisms can be addressed as target for therapeutic
strategy for reducing plaque instability. But, still, players involved in the regula-
tion of endothelial cells functions related to the disease still need to be completely
unveiled [8].

Tissue-engineered models could be exploited for this scope. In fact, they permit to
isolate speci�c stimuli and to select speci�c cellular populations to study aspects
related to vascular pathologies. In addition, if compared to standard in vitro
cultures, they o�er the possibility to mimic more realistic structures, allowing
cells to grow and interact in a three-dimensional environment, but guaranteeing
at the same time a good reproducibility of experiments [9].

As a proof of concept, we developed a tissue-engineered model for studying the an-
giogenic pro�le of adventitial progenitor cells (APCs) cultured on tubular sca�olds
and exposed to hypoxic conditions.

Previous studies, in fact, highlighted that APCs are involved in angiogenic pro-
cesses [10] and, in particular, we focused on the hypoxia-mediated up-regulation
of trophoblast glycoprotein (TPBG), which is responsible for migratory and an-
giogenic activity of adventitial progenitor cells [11].
The tissue engineered model was designed to investigate this mechanisms under
�uid-dynamic and three-dimensional conditions, assessing whereas the hypoxia-
mediated e�ects are enhanced.

The study was entirely performed at the School of Translational Health Science of
the University of Bristol, during a six-months period sponsored by the Erasmus
Plus Traineeship.
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5.2 Materials and Methods

5.2.1 Manufacturing of the sca�olds

Tubular sca�olds were fabricated using the ND-ES laboratory electrospinning unit
(Nadetech Innovations, Spain) (Figure 5.1.a). The electrospinning machine is an
independent and automatized unit consisting in: (i) a controllable high voltage
source, that can provide a voltage up to 30 kV, (ii) a grounded rotating collector,
made of a steel rod connected to a stepper motor, and (iii) a syringe pump (Figure
5.1.b). The device is equipped with its own control software, which permits a �ne
control of voltage, collector speed and �ow rate.

As the polymer jet leaves the needle connected to the high voltage source, it wraps
around the rotating collector and create a cylindrical sheet. The mandrel has a
diameter of 6 mm and a length of 200 mm (Figure 5.1.c).

Since the deposition of the �bres is not uniform along the length of the mandrel,
the pump was customized to allow the placement of multiple syringes though
a PLA 3D printed multi-syringes support (Figure 5.1.d). The distance between
adjacent syringes was calculated to obtain a uniform structure along the mandrel.

Figure 5.1: The electrospinning setup. (a) The ND-ES electrospinning unit is a stand-alone machine
equipped with its own control software. (b) It consists of (i) a controllable high voltage source, (ii) a
grounded collector, and (iii) a syringe pump. (c) The collector is a rotating mandrel where nano�bres
wrap around, creating the tubular sca�old. (d) The syringe pump was customized with a support for
multiple syringe to obtain a uniform structure.

5.2.1.1 Electrospinning of gelatin �bres

The polymer solution used to electrospun �bres of GL was composed of 15%
v/w GL (Type A gelatin from porcine skin, Sigma Aldrich) dissolved in a liquid
solution of 60/40 v/v acetic acid/deionized water by stirring and heated at 50°C. γ-
glycidoxypropyltrimethoxy silane (GPTMS) was used as crosslinker for GL. Before
electrospinning, 200 μl of GPTMS were added for each gram of GL. The �nal liquid
solution was stirred for one hour. Then, three 5-ml syringes were loaded with the
solution, mounted on the syringe pump and connected to high voltage source.

A tuning of the main parameters of electrospinning was performed to achieve the
optimal manufacturing of the �bres in terms of �ber diameter, porosity and pore
diameter.
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In particular, the morphological characteristics of the �bres were evaluated after
10 minutes of electrospinning, with a rotation speed of the collector of 1000 rpm
and varying the following parameters one by one:

� voltage: 20, 25 30 kV;

� distance between emitter and collector: 15, 20, 25 mm;

� �ow rate: 0.1, 0.2, 0.3 ml/h.

After the electrospinning process, the sca�olds specimens were dried in a vented
oven for 48 hours at 37° C.

Therefore, Scanning Electron Microscopy (SEM, Quanta FEG model 200, FEI,
US) was used to acquire images of the �bres for further morphological analysis.
Before the acquisition with SEM, the samples were sputtered with a gold-palladium
alloy and �nally placed in a specimen stand. Pictures were acquired at di�erent
magni�cations.

The analysis of the morphology of the �bres and of the porosity was carried out
using the software ImageJ.

Brie�y, on each snap, the average diameter was evaluated on each picture measur-
ing with the software the diameter of 10 random �bres and calculating the mean
and the standard deviation.
After the binarization of the image, the porosity was calculated as the ratio
between the areas of the image not occupied by �bres pixel, corresponding to
pores, and black pixel, corresponding to the areas of the image occupied by �bres.
Finally, the dimension of the pores was evaluated selecting 10 random pores, meas-
uring the area of each pore and deriving the value of the diameter, approximating
each pore to a circle.

5.2.1.2 Electrospinning of polycaprolactone �bres

The polymer solution used to electrospun PCL �bres was composed by PCL (mean
Mn 80000, Sigma Aldrich) dissolved in chloroform. Once dissolved the PCL, three
5-ml syringes were loaded with the solution, mounted on the syringe pump and
connected to high voltage source.

A tuning of the main parameters of electrospinning was performed to achieve the
optimal manufacturing of the �bres.

In particular, the morphological characteristics of the �bres were evaluated after
15 minutes of electrospinning, with a rotation speed of the collector of 1000 rpm
and varying the following parameters one by one:

� concentration of PCL solution: 7.5% (w/v), 10% (v/w) and 15% (v/w);
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� voltage: 20, 25 30 kV:

� distance between emitter and collector: 15, 20, 25 mm;

� �ow rate: 0.1, 0.2, 0.3 ml/h.

Scanning Electron Microscopy (SEM, Quanta FEG model 200, FEI, US) was used
to acquire images of the �bres for further analysis. Before the acquisition with
SEM, the samples were sputtered with a gold-palladium alloy and �nally placed
in a specimen stand. Pictures were acquired at di�erent magni�cations.

The general morphology of the �bres was evaluated.

Fibres diameter, porosity and pore size were calculated on PCL �bres obtained
with the working parameters using the software ImageJ as previously explained
(paragraph 5.2.1.1).

5.2.1.3 Final structure of the sca�olds

The tubular sca�old used for functionalization and further experiments was de-
signed as a double-layer sca�old.

In particular, it consisted of an inner layer of gelatin, an intermediate layer of
gelatin and PCL and an outer layer of PCL.

Two fundamental requirements were kept into consideration for the structure of
the sca�olds: (i) the layers must not peel o�, and (ii) the sca�old must have good
mechanical properties.

Realization of the sca�olds The analysis of images obtained from SEM was
used to de�ne a range of parameters to electrospin both GL and PCL nano�bres
with optimal features for cells adhesion.

The electrospinning protocol for the manufacturing of the double-layers sca�olds
consisted of three phases: (i) electrospinning of GL �bres alone, (ii) electrospinning
of �bres of GL and PCL simultaneously, and (iii) electrospinning of PCL �bres
alone.
During the �rst phase three 5-ml syringes are �lled with 15% (w/v) GL solution
and the �bres are electrospun for 45 minutes. After this phase, three 5-ml syringes
�lled with PCL 15% (w/v) are added and and GL and PCL are extruded at the
same time for 45 minutes. Finally, the third phase is carried out with six 5-ml
syringes loaded with PCL 15% (w/v) and PCL is electrospun from the six syringes
for one hour.

After the electrospinning process, sca�olds were dried out in oven for 48 hours at
37°C.
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Mechanical characterization of the sca�olds Mechanical properties of the
double-layer (GL/PCL) sca�olds were measured and compared to gelatin sca�olds
to assess its proper composition.

Mechanical properties were measured using Instron 3343 (© Illinois Tool Works
Inc., US) (Figure 5.2.a) equipped with BioPlus Bath to perform the tests in wet
conditions at 37°C.

The experiment was set up following ISO 7198:2016 speci�cations. GL and GL/PCL
tubular samples were cut and longitudinal stripes of 10 x 20 mm with 0.5±0.1
mm of thickness were prepared. The comparison of mechanical properties was
carried out on longitudinal sca�old axes, setting a steady strain speed of ± 50
mm·min-1(Figure 5.2.b).

Figure 5.2: Mechanical characterization of the sca�olds. (a) The characterization was performed using
the Instron 3343 (© Illinois Tool Works Inc., US). (b) Sca�olds were cut longitudinally and stripes of 10
x 20 mm were used for testing the mechanical properties along the longitudinal axes.

5.2.2 Biological functionalization of the sca�olds

Tubular cellular constructs were obtained by the functionalization of the scaf-
folds. Two di�erent cellular types were taken into consideration during this study:
(i) adventitial progenitor cells (APCs), and (ii) coronary artery endothelial cells
(CAECs).

5.2.2.1 Cells source

Adventitial progenitor cells In the laboratory of the University of Bristol
(Bristol Heart Institute, level 7, School of Translational Health), where this study
was performed, it was identi�ed a source of vascular progenitor cells (i.e., the ad-
ventitial progenitor cells), which express typical pericyte (NG2, PDGFRβ), mesen-
chymal (CD44, CD90, CD105) and stemness (c-kit, GATA-4) markers [12]. These
cells are isolated from leftovers of saphenous vein from coronary artery bypass
surgery using a standard protocol explained elsewhere [12].

APCs were cultured at 37 °C, 20 % Oxygen, 5 % carbon dioxide in complete
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Endothelial Growth Medium-2 (EGM-2) (PromoCell) supplemented with 2% FBS.

The expansion of the cells were performed with the following protocol.
APCs were plated on gelatin/�bronectin (10μg/mL) coated plates in presence of
EGM-2. Once cells reached 60/70% of con�uence, adherent colonies were passaged
to new culture dishes. For splitting the cells, they were detached from the culture
dish by washing with PBS and incubating at 37°C, 20% oxygen, 5% carbon dioxide
for 5 minutes in a solution of 0.05% (w/v) trypsin. Then trypsin activity was
neutralize with a solution of 10% FBS added in a volume double with respect
to the volume of trypsin used. The suspension was centrifuged at 400 g for 10
minutes and the supernatant discarded. APCs pellet was re-suspended in 1 ml of
EGM-2, cells counted with a Neubauer chamber and seeded in a new culturing
plate at the density of 10000 cell·cm-2.

All in vitro experiments were set up with cells at passage 7.

Human coronary artery endothelial cells Coronary artery endothelial cells
(CAECs, from PromoCell, Germany) were cultured at 37 °C, 20% Oxygen, 5%
carbon dioxide in Endothelial Cell Growth Medium MV (PromoCell, Germany)
supplemented with 0.05 ml/ml Fetal Calf Serum (FCS), 0.004 ml/ml endothelial
cell growth supplement, 10 ng/ml epidermal growth factor, 90 μg/ml heparin and
1 μg/ml hydrocortisone.

The expansion processes was performed splitting the cells once 70% con�uence
was reached.
Brie�y, cells were washed with PBS and incubated with a solution of 0.05% (w/v)
trypsin at RT for a few minutes to detach them from the culture plate. Detachment
was monitored with a microscope. Trypsin activity was then neutralized with
a solution of 10% FBS added in a volume double with respect to the volume
of trypsin used. The suspension was then centrifuged at 300 g for 3 minutes,
the supernatant discarded and cells re-suspended in 1 ml of medium. Cells were
counted with a Neubauer chamber and seeded in new culturing plate at the density
of 8000 cell·cm-2.

5.2.2.2 Functional evaluation of double-layer sca�olds

Functional assays were performed to assess the behaviour of the cells in terms of
viability on di�erent three dimensional support. In particular, GL/PCL and PCL
sca�olds were compared.

Sca�olds were cut into square pieces of 1 cm2 and sterilized. The sterilization
of the sca�olds was performed as follow. Sca�olds were decontaminated with
ethanol 70%, washed with phosphate bu�er solution (PBS) to remove any trace
of ethanol and dried out exposing each side to the UV light for 15 minutes. After
the exposure to UV, sca�olds were incubated in a solution of 1% v/v PenStrep
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(ThermoFisher, MA, US) and 1 μg/ml amphotericin B (ThermoFisher, MA, US)
for 2 hours. Then, sca�olds were washed three times with PBS and incubated
overnight at 37°C, 20% Oxygen, 5% carbon dioxide with EGM-2.

For the functional experiment, sca�olds pieces were placed in a 24-multiwell plate
and APCs were seeded with a density of 7500 cell�cm-2on both GL/PCL sca�olds
and on PCL sca�olds. As a positive control, APCs were seeded with the same
density in 48-multiwell plates.

As a cellular comparison, CAECs were seeded with a density of 6000 cell�cm-2on
GL/PCL sca�olds, PCL sca�olds and culture plates.

For each condition, three replicates were realized.

Cell viability was assessed at day 1, 3 and 7, using the Biotium viability/cytotoxicity
assay (Biotium, CA, US).

Brie�y, at the moment of the assessment, the culturing medium contained in the
multiwell plate was removed and samples were washed with PBS. The samples were
then maintained for 30 min in the incubator with a solution of Calcein [1:2000],
EthD-III [1:500] and Hoechst [1:100] in serum free medium. After incubation at
37°C, 5% carbon dioxide for 30 min, the sca�olds were analysed by �uorescence
microscopy using the microscope Zeiss Axio observer Z1 (Carl Zeiss, Germany).
For each condition, �ve snaps were acquired and cell viability was calculated as
(Eq. 5.1):

V% =
calcein+cells

total−cellnumber
∗ 100 (5.1)

where calcein positive cells are the viable cells.

5.2.2.3 Cell seeding into the tubular sca�olds

The seeding of APCs into the tubular sca�olds was performed using a rotating
bioreactor previously developed and characterized in the laboratory.

The seeding procedure consists of four steps: (i) mounting of the sca�olds on
luer connectors, (ii) sterilization of the sca�olds, (iii) manual injection of the cells
within the sca�olds, and (iv) rotating seeding.

Mounting of the sca�olds First, the sca�olds are cut into 5-cm-long tubular
pieces and placed into distilled water in one Petri dish. A POM assembling tool is
used to anchor the sca�olds on 1⁄8� barbed male slip luer connectors (Figure 5.3.a).
The tool has an elliptic hole where the luer connector is placed, and an external
support for two rubber bands. Once the sca�old �ts the luer, the rubber bands
are pushed on the sca�olds through a pair of tweezers. The sca�old is then �rmly

94



anchored on the connector (Figure 5.3.b). The same procedure is repeated for the
other end of the sca�old.

After the mounting procedure, the sca�old anchored to the luer connectors was
moved in a POM holder. The holder was designed to keep the sca�olds straight
and in the proper position during the manual injection and the rotating seeding
(Figure 5.3.c).
The holders �tted perfectly a 15-ml falcon tube (i.e., 65 mm long and 13.6 mm
diameter) and were provided with two connection trails for the luer connectors.
A 3-mm-hole was obtained to their upper part of the holders, to allow the use of
tweezers to handle them without damaging the sca�olds.

Figure 5.3: Mounting procedure for the sca�olds. (a) The POM assembling tool is used for helping in
the anchoring of the sca�olds on the 1/8� barbed male slip luer connectors though rubber bands. (b)
Once the sca�old �ts the connector, the rubber bands are released on it. (c) When both the ends of the
sca�old are anchored to the connectors, it is moved in a POM holder.

Sca�old sterilization For sterilizing the sca�olds a precise protocol was set.
First, sca�olds are washed in PBS with three washes of 10 minutes each. Then,
sca�olds are dipped in ethanol 70% for 10 minutes and again washed in sterile
PBS for 10 minutes. The rotating bioreactor and the sca�olds are exposed to UV
light for 15 minutes each side. One PDMS custom made lid is then inserted within
the bottom end of the sca�old.
Finally, two subsequent washes of 30 minutes each are performed with a solu-
tion of 1% v/v PenStrep (ThermoFisher, MA, US) and 1 μg/ml Amphotericin B
(ThermoFisher, MA, US) in PBS. The sca�olds are then soaked overnight in a
fresh solution of 1% v/v PenStrep and 1 μg/ml Amphotericin B in PBS. Before
the seeding, the sca�olds are submerged in PBS for 2 hours in the incubator at
37°C.

Cells manual injection APCs are detached from the culture plate as explained
in paragraph 5.2.2.1. Then, using a 1-ml syringe and a stainless steel needle (18
G), a volume of PBS equal to 300 μl is removed from the luminal volume of the
sca�old and a suspension of 450000 cells is injected through the upper male luer
connector, as previously optimized in this laboratory.
Finally, the upper connector is sealed with a second silicone lid and the POM
holder is moved into a 15-ml Falcon tube.
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Rotating seeding Falcon tubes containing the POM holder with cellular con-
struct are placed in the rotating bioreactor and the rotating seeding is performed at
37°C, 20% oxygen and 5% carbon dioxide. The bioreactor was designed, developed
and characterized at the laboratories of Bristol Heart Institute in a previous work.
Brie�y, it consists of: (i) a waterproof control case with a switch button, a USB
interface, and a power input, (ii) a motor to perform the rotation necessary for the
dynamic seeding, (iii) electric components (i.e., a micro-controller Arduino and a
motor driver), and (iv) a tube carrier for 15-ml falcon tubes �tting up to six falcon
tubes (Figure 5.4.a).

The rotating seeding protocol was optimized in a previous work. The rotation is
performed for 6 hours alternating 20 seconds clockwise to 30 seconds anticlockwise,
followed by 5 minutes of rest. The rotational speed was set equal to 13.4 rpm and
followed an initial step of one minute of rotation at 20 rpm.

After the rotating seeding, cellular constructs are kept at 37°C, 20% oxygen and
5% carbon dioxide over night.

To assess the rotating seeding e�cacy, phalloidin (Conjugated Alexa Fluor 555
Phalloidin A34055, Life Technologies, CA, US) was used to stain the cytoskeleton
of the cells. The day following the seeding, the cellular constructs were extrac-
ted from the holders, washed in PBS and the cells were �xed in 4% PFA. 0.1%
Triton (Sigma-Aldrich, MO, US) for 5 minutes was used for permeabilizing the
membranes, then constructs were washed twice with PBS. Then, the tubular con-
structs were cut along the longitudinal axis and incubated for 20 minutes in 25
μL/ml phalloidin solution in PBS at room temperature. Incubation with the sec-
ondary antibody (Alexa Fluor 568, Life technologies, CA, US) followed a wash in
PBS and was performed for one hour at room temperature. Finally, the constructs
were incubate for 5 minutes in DAPI solution, washed with PBS and placed in a
6-multiwell plate with glycerol 80%. Images were acquired with the �uorescence
microscope Zeiss Axio observer Z1 (Carl Zeiss, Germany).

5.2.3 Angiogenic e�ects of hypoxia on APCs

The rationale of the study was to assess the angiogenic e�ects induced by hypoxia
on cells cultured in three-dimensional matrix, and on cells cultured on a three
dimensional matrix and exposed to dynamic conditions. Given this, tubular con-
structs were cultured both in static and in dynamic conditions in normoxic and
hypoxic environments. Culture of APCs on standard plates was used a control.

5.2.3.1 Design of the experiments

After the rotating seeding, the tubular constructs were removed from the POM
holders.
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Custom made PMMA supports were designed for the static conditioning with the
three dimensional CAD software PTC Creo Parametric 4.0 (PTC Inc., MA, US)
and realized by laser cutting. The aim of the supports was to hold the constructs
submersed in the medium inside the Petri-dishes, to avoid them to expose to air
and to dry out.
Before the experiments, the PMMA supports were autoclaved with an anti-fungi
and an anti-bacterial solution.
Therefore, for the static conditioning, the constructs (n=2) were placed in two
di�erent Petri-dish equipped with the PMMA support and �lled with 50 ml of
EGM-2 supplemented with 1% v/v PenStrep but without FCS and VEGF (Figure
5.4.b).
For the normoxic conditioning, the Petri-dish was placed in incubator and cultured
at 37°C, 20% oxygen, 5% carbon dioxide for 24 hours. The hypoxic environment
was obtained with an hypoxic incubator (i.e., 37°C and 2% oxygen). Hypoxic
conditioning was performed for 24 hours.

For the dynamic conditioning of the constructs (n=4), the commercially available
3DCulturePro� Bioreactor (TA Instruments, UK) and a custom made bioreactor
developed by our group during my Ph. D. project were used for, respectively,
the normoxic �uid-dynamic stimulation (n=2 constructs) and the hypoxic �uid-
dynamic stimulation (n=2 constructs). All the components were previously auto-
claved.

The 3DCulturePro� Bioreactor consists of a peristaltic pump (Master�ex L/S
digital 07528-20, Germany), silicone tubing (3.175 mm inner diameter and 6.35
mm outer diameter) connecting all the components of the bioreactor, a pump tube
(PharMed BPT tubing, 2.79 mm inner diameter), a multi-chamber stand, and the
3DCulturePro bioreactor chamber. The 3DCulturePro chamber is composed by
two separated chambers: one chamber serves as reservoir and one chamber hosts
tubular constructs. This chamber is equipped with female luer locks that �t the
male luer connectors to which the sca�olds had been anchored (Figure 5.4.c).
Once assembled the 3DCulturePro� Bioreactor, the cellular construct was placed
within 3DCulturePro chamber, the bioreactor was �lled with 140 ml of EGM-2
supplemented with 1% v/v PenStrep but without FCS and VEGF and placed
within the incubator at 37°C, 20% oxygen, 5% carbon dioxide for 24 hours. The
target �ow rate was set equal to 20 ml/min and reached gradually (Figure 5.4.d).

The description of the custom made bioreactor used for the hypoxic conditioning
can be found elsewhere in this thesis (paragraph 4.3.1). The chamber was partially
modi�ed to permit the housing of the sca�olds. In particular, the sliding needle
was removed and replaced with a threaded female luer connector, so that 5-cm
long tubular constructs can be �tted within the chamber. Silicone tubing (3.175
mm inner diameter and 6.35 mm outer diameter) and a peristaltic pump (Watson-
Marlow 323 Du, Watson-Marlow Fluid Technology Group, UK) equipped with a
single channel pumping head (314D, Watson-Marlow Fluid Technology Group,
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UK) were connected to the Petri-like bioreactor (Figure 5.4.e).
The bioreactor was �lled with 40 ml of EGM-2 supplemented with 1% v/v Pen-
Strep but without FCS and VEGF and placed within the hypoxic incubator at
37°C, 2% oxygen, 5% carbon dioxide for 24 hours. The target �ow rate was set
equal to 20 ml/min and reached gradually (Figure 5.4.f).

As a control, APCs were seeded in 24-multiwell with a density of 5000 cell�cm-2.
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Figure 5.4: Evaluation of the angiogenic pro�le of adventitial progenitors cultured on tubular sca�olds.
(a) The adventitial progenitor cells (APCs) were seeded into the luminal side of the sca�olds using a
rotating bioreactor. (b) Cellular constructs were exposed to hypoxic and normoxic environment but
in static conditions using Petri-dishes equipped with custom made supports to hold the sca�olds in the
medium. (c) The 3DCulturePro� Bioreactor was used for culturing the cellular constructs under dynamic
conditions in normoxic environment. (d) Culture medium was �owed inside the lumen of the sca�old
with a �ow rate of 20 ml/min using a peristaltic pump. (e) A bioreactor developed at the Laboratory
of Micro- and Bio-�uid Dynamics of the Politecnico di Milano was used to expose the cellular constructs
to hypoxia. (f) The bioreactor was placed in a hypoxic incubator (2% of Oxygen) and connected to a
peristaltic pump to culture the APCs with a medium �ow rate of 20 ml/min.
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5.2.3.2 Analysis of the samples

After the conditioning, the constructs were removed from the luer connectors and
cut into pieces for performing biological analysis: (i) viability assay, (ii) immuno-
�uorescence staining, (iii) quantitative Polymerase Chain Reaction (q-PCR), and
(iv) ELISA analysis.

The protocol used are explained below.

The viability test was performed on a piece extracted from the cellular construct
following the protocol shown in paragraph 5.2.2.2.

Immuno�uorescence staining was used for labelling TBPG. Brie�y, the piece of cell
construct is placed in a 24-multi-well, washed with PBS and �xed with 4% PFA
for 15 minutes at room temperature. Then, two PBS washes are performed and
cells are permeabilized using 0.1% v/v Triton in PBS for 10 minutes at 4°C. The
construct is washed again with PBS twice, then blocked for 30 minutes at room
temperature. The TPBG-blocking solution used is composed by 5% v/v FBS in
a solution of PBS and 0.05% v/v Tween 20. Therefore, incubation with primary
rabbit monoclonal anti-TPBG antibody (ab134162, Abcam, UK) is performed
over night at 4°C in TPBG-blocking solution [1:200]. The following day, after
washing with PBS, sample is incubated with secondary antibody at 1:200 dilution
in TPBG-blocking solution for one hour at 4°C. Finally, the construct is washed
in PBS twice, incubated with DAPI for 5 minutes at room temperature, washed
with PBS and distilled water and mounted using Fluoromont G.
Images were acquired using the microscope Zeiss Axio observer Z1 (Carl Zeiss,
Germany).

One part of the cellular construct was used for isolating RNA using a standardized
phenol-chloroform protocol to perform q-PCR. Brie�y, the samples were lyzed into
RNAase hydrogen/DNA free tube containing 1.4 ml of Qiazol and put at -80°C.
Therefore, the miRNeasy Micro Kit (Cat Nbr #217084, QIAGEN) was used for
the RNA extraction. RNA quality was evaluated with a Nanodrop considering
the ratio of absorbance 260/280. Total RNA (100 ng) was reverse-transcribed into
single-stranded complementary DNA (c-DNA) using a High Capacity RNA-to-
cDNA Kit (Life Technologies, UK). The RT-PCR was performed using �rst-strand
cDNA with TaqMan Fast Universal PCR Master Mix (Life Technologies, UK).

The target transcript considered for this study were:

� UBC (Hs00824723_m1): housekeeping (i.e., constitutive genes that are re-
quired for the maintenance of basic cellular function and are used as a ref-
erence point for the analysis of expression levels of other genes).

� BAX (Hs00180269_m1): pro-apoptotic gene

� BCL2 (Hs04986394_s1): regulator of apoptosis
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� CSPG4/NG2 (Hs00361541_g1): chondroitin sulfate proteoglycan, it is a
pericyte marker

� PDGFRb (Hs01019589_m1): platelet-derived growth factor receptor beta,
it is a pericyte marker

� GATA4 (Hs00171403_m1): transcription factor GATA4, stemness marker

� NANOG (Hs04399610_g1): stemness marker

� SOX2 (Hs01053049_s1): stemness marker

� ANGPT1 (Hs00375822_m1, angiopoietin-1): pro-angiogenic marker

� VEGF-A (Hs00900055_m1, vascular endothelial growth factor-A): pro-angiogenic
marker

� BACH1 (Hs00230917_m1): Transcription regulator protein

� TPBG (Hs00272649_s1): responsible for angiogenic activities of APCs

� CXCL12 (Hs03676656_mH): responsible for angiogenic activities of APCs

All reactions were performed in a 5μL volume with a concentration of cDNA of 5
ng/μl.

Quantitative PCR was performed on a QuantaStudio Real-Time PCR system (Ap-
plied Biosystems, UK).

Finally, cell conditioned media (CCM) was collected from controls and from static
and dynamic experiments to perform ELISA to quantify the release of angiogenic
factors, such as ANPT1 and VEGF in the medium (secretome pro�le). First,
medium from bioreactors, both 3DCulturePro� Bioreactor and Petri-like, had
to be concentrated. Two subsequent ultra-�ltration were performed using �lters
(Amicon-ultra, UFC200324 and UFC201024) to collect proteins in the range 3-10
kDa.
Quantities of secreted VEGF and Angpt1 (DY293B and DY923, respectively, R&D
Systems, UK) were determined following the manufacturer's instructions.

All the analysis performed on cell constructs were performed even on APCs cul-
tured in the multiwell plates.

5.2.3.3 Critical issues

During the procedure explained in the paragraphs 5.2.3.1 and 5.2.3.2 some critical
issues were highlighted. These problems a�ected the results obtained during this
study, as explained below.
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Mould contamination During the experiments with the tubular constructs
we encountered a series of problems due to mould contamination, even though a
sterilization with anti-fungi and exposure to UV light were performed.
Evaluating one by one all the components used for static and dynamic stimulation,
we attributed to sca�olds the origin of contamination.

Therefore, we set a protocol (5.2.2.3), increasing the number of washes and the
exposure time to anti-fungi solution.

Assessment of angiogenic pro�le All PCR results regarding tubular con-
structs were negative, included the ampli�cation of housekeeping genes.

We tried therefore to analyse the problem to �nd the reason of this result.

First, we tried to perform a mechanical homogenization of the samples before
performing the RNA extraction and we carried out a q-PCR. The results were
still all negative, so we decided to run a gel to check the integrity of RNA and
cDNA.
We run a gel for comparing mRNA and cDNA from cell constructs homogenized
before RNA extraction, cell constructs not homogenized before RNA extraction
and APCs cultured on standard cultured plate, as a control (i.e., cDNAs were
ampli�ed by q-PCR in this case).

Secondly, we run a q-PCR with only the housekeeping gene at di�erent concentra-
tion (from 10 ng/µl to 0.07 ng/µl) using cDNAs from cell constructs homogenized
before RNA extraction, and APCs cultured on standard cultured plate, as a con-
trol.

5.3 Results

5.3.1 Morphological characterization

The analysis of SEM images of the GL electrospun �bres highlighted that they
were randomly distributed and in general they did not show any defects or beads
(Figure 5.6.a).
The diameter of the �bres was in the range 80-100 nm. The size of the �bres in-
creased as the supply voltage increased (Figure 5.5.a), while it decreased increasing
distance between emitter and collector (Figure 5.5.d) and �ow rate (Figure 5.5.g).
The porosity was in a range between 20 and 50 % with pores presenting a diameter
between 0.30 and 0.45 μm. An increase in the porosity corresponded to an increase
in the pore diameter (Figure 5.5.b, 5.5.c, 5.5.e, 5.5.f, 5.5.h 5.5.i)
The changes in porosity and pore size are not linear with voltage, distance between
emitter and collector and �ow rate (Figure 5.5.b, 5.5.c, 5.5.e, 5.5.f, 5.5.h 5.5.i).

After the tuning, voltage was set equal to 25 kV, distance from the emitter and
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the collector equal to 20 cm, �ow rate 0.2 ml/hour, and 1000 rpm as collector
rotation speed. With these parameters, electrospun �bres of GL with a diameter
of 90 ± 1 nm , a porosity of 23.50 ± 0.43 % and a pore mean diameter of 280 ±
7 nm were obtained (results expressed in mean±standard deviation).

Figure 5.5: Tuning of the electrospinning parameters for gelatin nano�bres. (a) The diameters of the
nano�bres increased as increasing the voltage supply, while (b) the values of porosity and (c) the diameters
of the pores are not linear with increasing voltage. (d) As distance from emitter and collector increases,
instead, �bres diameter decreases, while again the same non-linear relationship between distance and
(e) porosity and (f) pore dimensions was found. Finally, (g) the �bres diameter decreases with the
increasing of �ow rate. Again (h) porosity, and (i) pore diameter are not linear with �ow rate. Varying
the parameters, a correlation between increasing/decreasing in porosity and increasing/decreasing of pore
diameter could be seen. The graphs show the mean values ± standard deviation.

SEM images from PCL �bres, instead, highlighted that a tuning of the concen-
tration of the PCL solution was required; in fact, with lower concentrations (i.e.,
7.5% w/v and 10% v/w) nano�bres were characterized by the presence of many
defects and beads, while the highly concentrated 15% w/v PCL solution avoided
the presence of beads.
In general, the diameter of PCL electrospun �bres was bigger if compared to GL
�bres (Figure 5.6.b). The smallest �bres were obtained with 25 kV voltage, 20 cm
distance between the needle and the collector, and 0.2 ml/hour �ow rate. This
setup con�guration corresponded with the parameters used for GL �bres, so it was
chosen as target con�guration.
PCL �bres with a mean diameter of 1.13 ± 0.15 μm, porosity of 36.08 ± 8.49 %
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and pore size of 3.64 ± 0.44 μm (results expressed in mean±standard deviation)
were obtained.

Figure 5.6: Morphological aspect of electrospun nano�bres. (a) Gelatin electrospun �bres were in general
randomly distributed and without beads (b) Polycaprolactone (PCL) �bres were much bigger than gelatin
ones. Moreover, it was necessary to �nd a proper concentration of the PCL solution to avoid the presence
of beads.
Representative images are reported. Snaps were acquired with scanning electron microscopy, the bar
scale is representative for the magni�cation.

5.3.2 Structure of the sca�olds

The �nal structure of the double-layer sca�olds was obtained electrospinning in
subsequent phases GL alone, GL and PCL together to constitute an intermediate
layer, and PCL alone. The combination of timing for the three phases permitted
to avoid de-lamination of the layers, with the intermediate hybrid layer creating a
mesh of PCL and GL and serving as conjunction element between the inner and
the outer layer.

5.3.2.1 Mechanical characterization

GL/PCL and GL sca�olds were compared to determine di�erences in mechanical
strength of the double-layer approach (5.7.a). The results of the tensile test carried
out following the ISO speci�cation showed that the Young Modulus of GL/PCL
sca�old was 1.70 ± 0.66 MPa while GL sca�old Young Modulus was 0.38 ± 0.14
MPa (results expressed in mean ± standard deviation) (Figure 5.7.b). The di�er-
ence between the two types of sca�old was signi�cant, but more important was
that the raised mechanical strength of the double-layer sca�old reduced the gap
with the native coronary artery (1.48 ± 0.24 MPa) (5.7.a).
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Figure 5.7: Mechanical characterization of the double-layer sca�olds. (a) From the graph bar of the
Elastic Modulus of GL, Gl/PCL, and coronary artery it was found that GL/PCL sca�olds not only have
an higher Young Modulus if compared to GL sca�olds, but their mechanical characteristics are more
similar to native coronary artery. (b) In the graph, stress-strain curves of GL (in red) and GL/PCL (in
blue) sca�olds are compared.
In the graphs, mean values ± standard deviation are reported (n=3).

5.3.3 Functional evaluation of the sca�olds

5.3.3.1 Assessment of cell viability on GL/PCL sca�olds

Cell viability on double-layer sca�olds was evaluated to assess the capability of the
three-dimensional structure to promote cells adhesion and proliferation. Results of
the viability tests highlighted that GL/PCL sca�olds guaranteed a good viability
of APCs. In particular, the viability the �rst day after seeding was equal to 71.87
±18.06 % and after seven days the viability increased up to 90.21 ± 5.26 %. As a
control, APCs were seeded on standard culture plates and on PCL sca�olds. As
expected, APCs on culture plates maintained an high viability during time (98.25
± 0.73 % at day 1 and 96.71 ± 3.17 % at day 7). APCs cultured on PCL sca�olds
were subjected to a big decrease in viability after 3 days (from the initial viability
of 86.86 ± 3.61 % to a value of viability of 60.55 ± 15.78 %), but at day 7 an
higher viability was found (84.31 ± 2.22 %) (Figure 5.8.a).

Endothelial cells (i.e., CAECs) used as cellular control, showed a behaviour similar
to APCs. In fact, on GL/PCL sca�olds there was a monotone increase of viability
from day 1 (71.25 ± 6.47 %) to day 7 (89.33 ± 2.85 %). The viability on multi-well
plates used a positive control was kept almost constant from the day subsequent
the seeding (98.37± 0.43 %) to the seventh day (98.10± 0.35 %). Finally, analysing
the cell viability of CAECs on PCL sca�olds, a strong decrease was found from
day 1 (74.73 ± 12.75 %) to day 3 (32.87± 15.24 %), followed by an increasing at
day 7 (cell viability at day 7 was found equal to 83.11 ± 1.35 %) (Figure 5.8.b).

All the results are expressed in mean ± standard deviation.
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Figure 5.8: Assessment of cell viability on the sca�olds. (a) The trend of viability for APCs seeded on
PCL sca�olds (orange), GL/PCL sca�olds (yellow) and culture plates as control (blue) at day 1, 3, and 7
is reported. (b) A similar trend was seen for CAECs seeded on PCL sca�olds (orange), GL/PCL sca�olds
(yellow) and culture plates used as positive control (blue).
Mean values ± standard deviation are reported.

5.3.3.2 Assessment of the rotating seeding protocol

The use of the extended sterilization protocol, consisting in many subsequent
washes and a long period of soaking within PenStrep and amphotericin B solution,
proved to be e�ective and no mould contaminations were encountered.

A qualitative analysis of phalloidin staining on APCs seeded on sca�olds via ro-
tating seeding con�rmed a good distribution and good morphology of the cells on
the three-dimensional structure (Figure 5.9).

Figure 5.9: Phalloidin staining. The qualitative analysis of phalloidin staining on APCs after the rotating
seeding highlighted the presence of spreading and well distributed cells on the sca�olds. A representative
image was reported.

5.3.4 Assessment of the angiogenic pro�le

The viability assays performed on the cellular constructs showed a good viability
after both dynamic and static conditioning in normoxic and hypoxic environment.
Some signs of mortality could be found in correspondence with areas were the
construct was cut with scalpel (Figure 5.10).

The qualitative analysis of immuno�uorescence staining showed that, in general,
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Figure 5.10: Analysis of viability on sca�olds after perfusion into the bioreactors. (a) The qualitative
analysis of cell viability on sca�olds cultured under dynamic conditions in the normoxic environment
highlighted a good viability. (b) Lower magni�cation. (c) A good viability was found even on cellular
constructs cultured within a bioreactor in hypoxic environment. (d) Lower magni�cation.
Representative images were reported.
Similar results were found on sca�olds cultured statically.
Viable cells were labelled with calcein (green), dead cells with EthD-III III (red), and the nuclei with
DAPI (blue) after �xation.

TBPG was not expressed by APCs cultured in any conditions A.3. Only a few
positive TPBG-cells were stained in constructs cultured under dynamic conditions
in hypoxic environments (Figure 5.11.d, 5.11..e, 5.11..f).

As explained in paragraph 5.2.3.3, q-PCR highlighted no ampli�cation of any
cDNA coming from cell constructs.
Technical mistakes were excluded because cDNAs from APCs cultured on multi-
well plates were ampli�ed. Our e�orts were then sought at understanding the
reasons of this unexpected outcome.
The running of a gel with mRNA and cDNA from both cell constructs and multi-
well plate con�rmed that both nucleic acids were preserved after RNA extraction
and retro-transcriptase reaction, but with a low ratio of absorbance at 260 and
280 nm. Homogenization proved to provide a better mRNA, and therefore cDNA,
quality.
Therefore, q-PCR with di�erent concentrations of cDNA coming from cell con-
structs showed that decreasing the concentration of cDNA used for the reaction,
there is a beginning of ampli�cation, but the concentrations are too low for ob-
taining a proper ampli�cation.

ELISA assays was not positive for all the CCM coming from cellular constructs,
both from bioreactors and static cultures. A further ultra-centrifugation process
would have been required.
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Figure 5.11: Labelling of TPBG. (a) Immuno�uorence analysis of TPBG expression (green) by APC
cultured under �uid-dynamic conditions proved (b) a good distribution of cells, (c) but without expression
of TPBG. (d) Cellular constructs exposed to hypoxia under �uid-dynamic conditions were characterized
as well by (e) a good distribution of cells, and (f) some positive TPBG staining.
Nuclei are labelled with DAPI (blue).
Representative images were reported.

5.4 Discussion

The aim of this study was to propose a tissue-engineered vascular model exploiting
a tubular synthetic structure seeded with vascular cells. In particular, as a proof of
concept, adventitial progenitor cells were seeded on electrospun �bres and exposed
under dynamic conditions to hypoxic environment to investigate the angiogenic
e�ects induced on this particular cell type.

APCs can be easily isolated from the tissue and they are easily expanded and
cultured in vitro. Many evidences highlighted that they play an important role in
angiogenesis and in vascular stabilization [13, 10, 14]. Given this, it was interesting
to investigate their angiogenic pro�le in a more-realistic environment (i.e., three-
dimensional structure and �uid-dynamic conditions).

From a technical point of view, electrospinning was chosen as sca�old manufactur-
ing technique because of the possibility to tune morphological characteristics of GL
and PCL �bres by modifying some electrospinning parameters. Among the pos-
sible materials, the choice of GL was due to its biocompatibility, biodegradability
and the capability to drive cell attachment [15]. To evaluate the electrospinning
parameters, the morphological characteristics of GL �bres obtained were com-
pared to previous studies. The non-linear correlation between the electrospinning
parameters (i.e., voltage, �ow rate, distance) and the porosity and the pore dimen-
sion suggested that the variation of these parameters occurred around a minimum
point [16]. Diameter of the nano�bres and characteristics of porosity guaranteed
good biocompatibility characteristics and good cell proliferation [17, 18, 19, 20].
Nevertheless, lack of durability of GL and low mechanical properties led to the ap-
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plication of a second layer of synthetic material. For this second layer it was chosen
PCL, because it has excellent biocompatibility, biodegradability, workability, and
both mechanical and chemical properties [21, 22]. For all these reasons, PCL has
been approved by Food and Drug Administration. Regarding the morphology of
PCL nano�bres, the concentration of the solution was found to be fundamental
for obtaining �bres without beads. Fibres diameter and porosity characteristics
were found to be bigger if compared to GL ones, but this values of porosity, even
if bigger that GL's one, does not allow an unwanted penetration of the cells within
the structure [23].

The double-layer structure ensured good cell adhesion and proliferation, but at
the same time good durability and proper mechanical characteristic, making the
sca�old a good model of artery. In fact, sca�olds with improved mechanical char-
acteristics were more similar to native arteries, which is a major requirement for
vascular substitute since the mismatch between commercial grafts and native blood
vessels is one of the main reasons for grafts failure [24]. The compactness of the
structure was then guaranteed by the introduction of the intermediate layer. In
fact, this intermediate meshed layer prevented the sca�olds from de-lamination,
avoiding inner layers peeling o�.

The results of the biological functionalization con�rmed that GL/PCL sca�olds
ensured a good cell viability. A di�erent behaviour was found for cells cultured
on PCL sca�olds, where a strong decrease in cell viability was followed by an
increase of the viability index. Since the same results were found for both cellular
population (i.e., APCs and SVPs), this result must be attributed to the material
properties. To better understand viability data, any changes in cell density must
be evaluated. The qualitative comparison between the cell density at di�erent time
points suggested, in fact, that the increase of viability at day 7 on PCL sca�olds
could be due to a corresponding decrease in the cell density (Figure A.1.a, Figure
A.1.b, Figure A.2.a, and Figure A.2.b).

The rotating seeding proved to be an e�cient procedure, compatible with stand-
ard laboratory practise and not harmful for the sca�olds, thanks to the use of
custom made POM holders. The main issue came from the sterilization of the
sca�olds. In fact, they were identi�ed as responsible for massive mould contam-
inations occurring in the three-dimensional cultures. This could be due to the
manufacturing of the sca�olds, which was not performed under sterile condition,
and to the con�guration and the porosity of the structure, which could hold spores
that in a humid environment spread into moulds. Subsequent washes to dilute the
contaminants and an extended exposure to anti-fungi solution were performed to
e�ectively sterilize the sca�olds.

The culturing of sca�olds under dynamic conditions in hypoxic environment was
performed with the custom made bioreactor shown in paragraph 4.3.1 because
lower priming volume guaranteed a complete de-oxygenation of the medium in
less time. In addition, the con�guration of the bioreactor mimicking the func-
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tioning of a Petri-dish permitted an higher exchange area and a more e�ective
de-oxygenation of the medium.
Qualitative analysis of immuno�uorescence suggested that �uid-dynamic condi-
tioning of the APCs enhanced the angiogenic potential of hypoxia; in fact, TPBG
expression was found after 24 hours, while previous studies found an increased ex-
pression of TPBG only after 3 days under static culture in plates [11]. But these
qualitative results must be considered only as a preliminary data; in fact, it was
not possible to obtain any results from q-PCR neither from ELISA.
We highlighted two possible reasons for this unexpected outcome. First of all, the
quality of the RNA suggested that cells could be dying at the moment of RNA
harvesting. A faster process without manipulation of the samples would be re-
quired to increase RNA, and therefore cDNA, quality. Moreover, decreasing the
amount of cDNA to amplify with q-PCR it was obtained a better ampli�cation.
An interference was then hypothesized as cause of the absence of ampli�cation.
A protocol for further �ltration of the medium must be assessed, instead, for
obtaining reliable results from ELISA assay.

All these technical issues have to be solved for obtaining quantitative results about
the angiogenic pro�le induced by hypoxia on APCs in the tissue engineered model.

5.5 Conclusions

This study aimed at proposing a tissue-engineered model for study vascular dis-
eases.
As a proof of concept we seeded adventitial progenitor cells on tubular sca�olds.
Cellular constructs were then cultured under �uid-dynamic conditions to assess
any angiogenic e�ects induced by hypoxia on cells cultured on a structure more
realistic than standard in vitro models. Hypoxia, in fact, is a well-established
angiogenic stimulus and it plays an important role in the progression of athero-
sclerotic lesion. For this reason, it could be addressed as therapeutic target.

The possibility to tune the properties of the materials and to select one or more
speci�c cellular populations is a big advantage in comparison to ex vivo models
with native arteries. These models are therefore very promising tools for the
studying of vascular pathologies.

Nevertheless, the use of tissue-engineered models is still far from being used as
reliable model of vascular diseases, due to biological and technical issues. In fact,
we are far from obtaining grafts reproducing in toto the biology and the cellular
behaviour of native vessels.
Moreover, technical issues due to the matching of traditional culture techniques
and assays with innovative tissue-engineering approaches must be faced, as well
explained in this work.

To conclude, preliminary results are promising, but some e�orts still need to
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be made to establish reliable tissue-engineering derived models to study vascu-
lar pathophysiology.
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Chapter 6

General conclusions



In the scienti�c community the need of studying atherosclerosis is still of primary
importance. In fact, although many e�orts have been dedicated to the study of this
pathology, many mechanisms still remain unveiled. Atherosclerosis is a complex
multi-factorial disease [1] that develops in di�erent stages during decades in the
whole life of a patient [2]. From the onset of the disease to the acute manifestation
with the thrombosis, each stage is characterized by speci�c mechanisms with pe-
culiar molecular and cellular pathways [3]. Given this, studies must be addressed
to investigate each of these stages, with the aim of deeply examine the causes
to identify molecular targets that have to be addressed with pharmacological or
clinical treatments.

The complexity of this disease can be ascribed to the coexistence of mutually de-
pendent risk factors and to the interplay of several in�ammatory cues [4, 5]. Ath-
erosclerosis, in fact, is mainly caused by systemic and local in�ammatory events.
These events mediate all the steps of plaque development, progression, and rup-
ture: immune cells play a key role in early atherosclerotic lesions, their e�ector
molecules induce the progression of the plaques, and activation of in�ammation
can elicit acute coronary syndromes [3].

This complexity could not be reproduced with the standard in vitro approaches,
even though they provide a �rst essential simpli�cation that is necessary to identify
the e�ects of speci�c cues on cell populations involved in the disease.

At the same time, animal models are unavoidable for reproducing in toto the
atherosclerotic process, and therefore they are unavoidable for testing new drugs
or new devices. Nevertheless, technical, ethical, and economic issues a�ect this
model.

The necessity of new approaches for studying atherosclerosis arises from all these
evidences. Then, the goal of this doctoral thesis was to design and develop in-
novative ex vivo models aiming at investigating di�erent aspects related to the
atherosclerotic process. These approaches do not claim to substitute in vitro and
in vivo models. But, instead, they yearn for supporting traditional approaches.
Ex vivo models, in fact, have been described as the bridge between in vitro and
in vivo models because they permit to isolate and investigate speci�c stimuli, but
without loosing the complexity of the tissue. They are useful for examine cues
involved in vascular pathology and they can serve as a preliminary screening for
drugs and devices before using animal models.

To ful�l this aim, a multi-disciplinary e�ort is needed; the collaboration among
clinicians, biologists, biotechnologists and engineers is required to obtain reliable
and useful models.
In fact, in comparison to in vitro and in vivo standard approaches, ex vivo models
have not been already established. For this reason, they have to be designed from
speci�c needs and tailor-made for biologists and clinicians, who have to be involved
in their development. Only then ex vivo models can become standard laboratory
methods.
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The projects of the bioreactors presented in this thesis were born from the necessity
to analyse some complex aspects related to atherosclerosis.

In the chapter 3 it was presented a model for studying the cellular and molecular
mechanisms involved in the spreading of thrombosis. The culture chamber consists
of a parallel-plate chamber were slices of arteries are exposed to a well-controlled
shear rate (and therefore shear stress). The device was thought to be very easy
to use and compliant with standard laboratory techniques and microscopy. The
novelty introduced by this model is the use of arterial arteries, while this kind of
studies are usually performed on single cell population or co-culture. Maintaining
all the components of the artery, it is therefore possible to mimic a more realistic
condition. The system was characterized and preliminary tests assessed the poten-
tiality of this platform. By culturing atherosclerotic plaques under well-controlled
environmental and �uid-dynamic stimuli, the model can be exploited for discov-
ering all the players involved in thrombus formation. Pharmacological treatments
can be therefore designed and, potentially, the parallel-plate device could be used
as a screening platform.

The platform shown in the chapter 4 aimed at translating in ex vivo models pro-
cedures that have been employed to study thrombosis in vivo. This approach
allows not only to reduce the costs and the ethical implications of the use of an-
imal models, but it permits also to obtain more reproducible and well controlled
models, since in ex vivo models isolated and controlled stimuli are reproduced. In
particular, we focused on the ferric-chloride induced thrombosis, that, as far as
we know, has been studied only within animal models. The bioreactor was then
designed for this scope. It allowed to culture whole vessels with di�erent diameter
and length under �uid-dynamic conditions. Once assessed the capability to main-
tain the viability of the tissue within the culture system, it could be exploited
to induce vessel damage and to study the pathways involved. A big advantage is
represented by the possibility to add stimuli, both biochemical and biomechanical,
to obtain an environment mimicking more and more in vivo conditions, but still
controlled.

In the chapter 5 the potential of tissue-engineered models for studying atheroscler-
osis was investigated. In fact, besides traditional ex vivo models with explanted
tissue, tissue-engineered inspired models have been used thanks to the possibility
to maintain the complexity of in vivo structures, but controlling cellular compos-
ition. As a proof of concept, we cultivated adventitial progenitor cells on tubular
electrospun sca�olds under �uid-dynamic conditions to assess angiogenic e�ects
of hypoxia. The relationship between angiogenesis and atherosclerosis have been
widely accepted as one of the mayor causes of plaque vulnerability and the cel-
lular components involved in this mechanism could be addressed as therapeutic
target. The model proved to be suitable for this kind of consideration, but, before
exploiting its potentiality, technical problems must be solved. In fact, one main
drawback is related to the necessity to adapt traditional analysis protocols to these
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innovative approaches.

In summary, the multi-disciplinary approach of the present doctoral thesis has
highlighted how new technical solutions could be applied to enhance the relevance
of in vitro and in vivo methods for the study of the onset and of the progression
of atherosclerosis. In addition, preliminary results achieved suggest the e�ective
potentiality of the platforms here developed as tools for successfully supporting
biological and pharmacological researches.
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Appendix A

Supplementary materials

Figure A.1: Adventitial progenitor cells viability on di�erent substrates at di�erent time points. (a)
Viability of the adventitial progenitor cells (APCs) cultured on polycaprolactone (PCL) sca�olds at day
1, and (b) at dat 7. A worst morphology and a reduced density could be noticed. (c) APCs cultured on
double-layer sca�olds at day 1, and (d) at day 7. In this case the morphology is still good after 7 days.
(e) As a positive control, APCs were cultured on multi-well plate and the results at day 1, and (f) at day
7 could be seen in the �gure. Representative images were reported.
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Figure A.2: Endothelial cells viability on di�erent substrates at di�erent time points. (a) Viability of the
coronary artery endothelial cells (CAECs) cultured on polycaprolactone (PCL) sca�olds at day 1, and
(b) at dat 7. A strong reduction in the number of cells can be seen. (c) CAECs cultured on double-layer
sca�olds at day 1, and (d) at day 7. In this case the reduction in cell density is less evident. (e) As a
positive control, CAECs were cultured on multi-well plate and the results at day 1, and (f) at day 7 could
be seen in the �gure. Representative images were reported
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Figure A.3: Labelling of TPBG. (a) Immuno�uorescence from sca�olds cultured in static conditions
showed a good distribution of cell on the lumen of the sca�olds both in normoxic, and (b) in hypoxic
environment. In both cases, no positive TPBG staining (green) were optained.
Nuclei are labelled with DAPI (blue)
Representative images were reported.
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