DEVELOPMENT OF A HETEROGENEOUS PRO-ANGIOGENIC
PROTEIN MIXTURE ENCAPSULATION SYSTEM

By
SARAH TONELLO

A THESIS PRESENTED TO THE GRADUATE SCHOOL
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
UNIVERSITY OF FLORIDA
2014

© 2014 Sarah Tonello

2

To my family, Luca and all my friends

3

ACKNOWLEDGMENTS
I would like to acknowledge the J. Crayton Pruitt Family Department of
Biomedical Engineering at the University of Florida and the department of Biomedical
Engineering at Politecnico di Milano for giving me the opportunity to take part in the
formative Atlantis CRISP dual degree program.
In particular, I acknowledge Professor Van Oostrom, Professor Baselli, Professor
Redaelli, Professor Ferrigno, and everyone who took part and made possible the
creation of the Atlantis double degree program.
I would like to thank my advisor, Professor Peter McFetridge, for supporting me
throughout the development of the project. He has constantly provided me with
guidance and motivation, giving me the opportunity to become a more independent
student and to improve my approach to the research in the interesting field of Tissue
Engineering. I would also like to express my gratitude to the member of my dissertation
committee, Professor Jon P. Dobson and Professor Blanka Sharma for having accepted
to examine this work and for their suggestions and mentoring throughout the course of
the work. I would like to thank my advisor in Politecnico of Milano, Professor Candiani,
for his suggestions and help.
I would like to thank all my lab mates Alice Cambiaghi, Ben Goldberg, Leslie
Goldberg, Mediha Gurel, Andrea Matuska, Marc Moore, Cassandra Juran, Claudia
Siverino and Aurore Van de Walle for being so helpful every time I needed, for teaching
me all the technique I have applied in my research and for making the lab such a nice
environment.
I would also like to thank Manelle Merad, Enrico Opri, Rosamaria Tricarico,
Aniruddh Ravindran, Kathi Jung, Yiqi Gao who supported me and contributed to making
4

my life in Gainesville such a unique and pleasant experience. A special thanks to Ben
and Aniruddh for reviewing my thesis and for their help with the writing.
I would like to thank Roberta Filippini, Roberta Savoldi, Alessandro Gaffurini,
Davide Brancato, Libera Maria Sacco, Carlotta Mondadori who were always ready to
support and motivate me from far away.
A special thanks to my boyfriend Luca, for his help, suggestions, support and
love he was able to give me all the time.
Most of all, I am grateful to my parents Cesare and Chiara who have provided
me with love, motivation, and guidance. I could not have done all of this without their
support.

5

TABLE OF CONTENTS
page
ACKNOWLEDGMENTS .................................................................................................. 4
LIST OF TABLES ............................................................................................................ 9
LIST OF FIGURES ........................................................................................................ 10
LIST OF ABBREVIATIONS ........................................................................................... 11
ABSTRACT ................................................................................................................... 12
CHAPTER
1

INTRODUCTION .................................................................................................... 14
Overview and Rational ............................................................................................ 14
Specific Aims .......................................................................................................... 17
Specific Aim 1: Characterization of induction of angiogenesis in HUVECs
2D culture using human Placental Matrix ...................................................... 18
Specific Aim 2: hPM encapsulation in PLGA microparticles and optimization
of MPs features and in vitro protein release rate. .......................................... 18
Specific Aim 3: Evaluation of the angiogenic effect of hPM controlled
release from PLGA microparticles in an Alginate based 3D culture of
Human Umbilical Vein Endothelial Cells (HUVECs) ...................................... 18

2

BACKGROUND ...................................................................................................... 20
Origin of Blood Vessels: Vasculogenesis and Angiogenesis .................................. 20
Mechanisms of angiogenesis ........................................................................... 20
Angiogenic stimuli ............................................................................................ 24
Angiogenesis in tissue engineering .................................................................. 30
Angiogenesis quantification .............................................................................. 33
Perinatal Tissues .................................................................................................... 35
Perinatal Tissues properties ............................................................................. 35
Human Placenta: anatomy and main properties ............................................... 37
Characterization of human Placental Matrix (hPM) .......................................... 40
Biomaterials for Tissue Engineering Applications ................................................... 42
Protein controlled release methods .................................................................. 42
Biomaterials for 3D cell cultures and angiogenic assay ................................... 49

3

GENERAL MATERIALS AND METHODS .............................................................. 51
Experimental Methods ............................................................................................ 51
Isolation of Vascular Endothelial Cells from the Human Umbilical Vein ........... 51
6

Freezing of Vascular Endothelial Cells from the Human Umbilical Vein ........... 53
Derivation of human Placental Matrix (hPM) .................................................... 54
Analytical Methods .................................................................................................. 56
Calcein AM staining .......................................................................................... 56
Angiogenesis quantification .............................................................................. 56
Statistics ........................................................................................................... 58
4

INDUCTION OF ANGIOGENESIS IN HUVECs 2D CULTURE USING HUMAN
PLACENTAL MATRIX ............................................................................................ 60
Background and Rational........................................................................................ 60
Materials and Methods............................................................................................ 61
Materials ........................................................................................................... 61
Assessment of the correlation between hPM pro-angiogenic effect during
time and its protein content. .......................................................................... 62
Effect of multiple inoculations of hPM in a HUVECs culture. ............................ 63
Effect of different modality of hPM delivery on HUVECs 2D culture ................. 64
Results .................................................................................................................... 64
Assessment of the correlation between hPM pro-angiogenic effect during
time and its protein content. .......................................................................... 64
Effect of multiple inoculations of hPM in a HUVECs culture ............................. 66
Effect of different modality of hPM delivery on HUVECs 2D culture ................. 67
Discussion .............................................................................................................. 68

5

DEVELOPMENT OF A HETEROGENEOUS PROTEIN MIXTURE
ENCAPSULATION METHOD USING PLGA MICROPARTICLES ......................... 76
Background and Rational........................................................................................ 76
Material and Methods ............................................................................................. 77
Materials ........................................................................................................... 77
Preparation of hPM-loaded PLGA Microparticles ............................................. 77
Protocol Optimization ....................................................................................... 78
PLGA microparticles features characterization: size and surface evaluation ... 79
Loading efficiency............................................................................................. 80
In vitro protein release from hPM-loaded PLGA microparticles ........................ 81
Sodium Dodecyl Sulfate - Polyacrylamide gel electrophoresis (SDS-PAGE) ... 82
Results .................................................................................................................... 83
Preparation of hPM-loaded PLGA Microparticles ............................................. 83
Protocol Optimization ....................................................................................... 84
Sodium Dodecyl Sulfate – Polyacrylamide gel Electrophoresis (SDS-PAGE) .. 87
Discussion .............................................................................................................. 87

6

DEVELOPMENT OF AN ANGIOGENIC ASSAY USING ALGINATE
HYDROGEL AND HPM-LOADED PLGA MICROPARTICLES ............................... 97
Background and Rational........................................................................................ 97
Materials and Methods............................................................................................ 98
7

Materials ........................................................................................................... 98
Optimization of 3D culture parameters ............................................................. 98
Angiogenic assay: Alginate hydrogel based 3D culture of HUVECs .............. 100
Results .................................................................................................................. 101
Optimization of 3D culture parameters ........................................................... 101
Angiogenic assay: Alginate hydrogel based 3D culture of HUVECs .............. 102
Discussion ............................................................................................................ 104
7

CONCLUSION AND FUTURE WORKS ............................................................... 109
Summary .............................................................................................................. 109
Future Works ........................................................................................................ 111
Characterization of the protein released from PLGA microparticles ............... 111
Optimization of matrix composition for the angiogenic assay ......................... 111
Realization of a smart controlled release using iron oxide nanoparticles (IO
NPs) ............................................................................................................ 112

LIST OF REFERENCES ............................................................................................. 113
BIOGRAPHICAL SKETCH .......................................................................................... 122

8

LIST OF TABLES
Table

page

4-1

Parameters for angiogenesis quantification of HUVECs at different time
points from hPM inoculation ............................................................................... 65

4-2

Parameters evaluated for angiogenesis quantification of HUVECs inoculated
with different inoculations of hPM. ...................................................................... 66

4-3

Parameters for angiogenesis quantification of HUVECs comparing coated
hPM with inoculated hPM ................................................................................... 68

9

LIST OF FIGURES
Figure

page

2-1

Mechanisms of angiogenesis. ............................................................................ 22

2-2

Gross structure and function of human Placenta ................................................ 37

2-3

Detailed anatomy of human Placenta ................................................................. 38

2-4

Schematic representation of distinct uses of particles in the TE field
according to size................................................................................................. 43

2-5

Mechanisms for protein release.......................................................................... 46

3-1

Angiogenesis quantification. ............................................................................... 58

4-1

Assessment of the correlation between hPM effect and its protein content:. ...... 71

4-2

Morphological and topographic features of angiogenic network ......................... 72

4-3

Effect of multiple inoculation of hPM on different densities of HUVECs:. ........... 73

4-4

Morphological and topographic features of angiogenic network. ........................ 74

4-5

Effect of different hPL delivery methods. ............................................................ 75

5-1

Results from original protocol hPM encapsulation. ............................................. 90

5-2

Effect of BSA co-encapsulation on PLGA microparticles size.. .......................... 91

5-3

Effect of BSA co-encapsulation on PLGA microparticles release. ...................... 92

5-4

Microparticles size evaluation. ............................................................................ 93

5-5

Release rate evaluation. ..................................................................................... 94

5-6

SEM characterization.. ....................................................................................... 95

5-7

SDS page analysis of microparticles supernatant. ............................................. 96

6-1

Optimization of 3D culture matrix preparation................................................... 106

6-2

3D Alginate-based hydrogel culture system: 7,14, 21 days. ............................. 107

6-3

3D Alginate based hydrogel culture system: 2,4,6,8,10 days. .......................... 108

10

LIST OF ABBREVIATIONS
BP

Branching Point

CLS

Capillary-like Structures

DDS

Drug Delivery System

EC

Endothelial Cell

ECM

Extra Cellular Matrix

EPC

Endothelial Progenitor Cell

FDPE

Freeze Dried Placental Extract

FGF

Fibroblast Growth Factor

HME

Hot Melt Extrusion

HUVEC

Human Umbelical Vein Endothelial Cell

PBS

Phosphate Buffer Saline

PDECGF

Platelet Derived Growth Factor

PLGA

Poly (lactic-co-glycolic acid)

hPM

human Placental Matrix

SEM

Scanning Electron Microscopy

TBS

Tris Buffer Saline

TGF

Transforming Growth Factor

TSP-1

Thrombospondin-1

VEGF

Vascular Endothelial Growth Factor

W/O/W

Water-in-Oil-in-Water

11

Abstract of Thesis Presented to the Graduate School
of the University of Florida in Partial Fulfillment of the
Requirements for the Degree of Master of Science
DEVELOPMENT OF A HETEROGENEOUS PRO-ANGIOGENIC
PROTEIN MIXTURE ENCAPSULATION SYSTEM
By
Sarah Tonello
August 2014
Chair: Peter S. McFetridge
Major: Biomedical Engineering
Tissue engineering aims to develop functional organs and tissues, using a
therapeutic combination of exogenous cells, 3D scaffolds and growth factors. One of the
most significant hurdles limiting organ regeneration is the development of an effective
vasculature supply of oxygen and nutrients to cells seeded in the engineered construct.
Current approaches have remained unsatisfactory. As a possible solution to this
problem, our laboratory developed a pro-angiogenic extract from the human placenta,
referred to as Human Placental Matrix (hPM). Despite the observation that the extract
induces and modulates the initial stages of angiogenesis, the newly formed networks
degrade 5 days after initial treatments. Multiple applications of hPM at discrete time
points promoted the formation of a more mature and stable capillary network, thus the
use of a controlled release method was hypothesized stabilize network formation over
extended periods.
In these investigations, hPM was encapsulated using poly(lactic-co-glycolic acid)
(PLGA) microparticles to extend the release period, without the use of crosslinking
agents. Following optimization of the microparticle preparation phase, microparticle
12

morphological features (size, encapsulation efficiency, porosity) were characterized and
the associated protein release profiled. Subsequently, the cellular response to hPM
delivered via PLGA microparticles was assessed using 2D and 3D Alginate-based
hydrogel culture system with Human Umbilical Vein Endothelial Cells (HUVECs), to
assess the angiogenic response.
Results from the optimized encapsulation process showed microparticles with an
average size of 91.82 ± 2.92 µm, with an encapsulation efficiency of 75%, and a release
profile extending over 30 days. 3D angiogenic assay with hPM-loaded PLGA
microparticles embedded showed initial stimulation of tubular angiogenic structures
after 14 days and formation of a more mature angiogenic network after 21 days of
culture.
Although optimization is required, a sustained angiogenic response over an
extended period of 21 days was observed within the 3D hydrogel culture system. This
confirmed the effectiveness of the controlled hPM release approach to guide formation
and maintain capillary networks.
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CHAPTER 1
INTRODUCTION
Overview and Rational
Tissue engineering encompasses a promising field of biomedical engineering to
overcome the problems of biocompatibility, such as the undesired inflammatory and
immunogenic responses associated with the implant of synthetic devices, or
xenographic and allographic tissues.
Langer R 1 defines the discipline of tissue engineering as "an interdisciplinary
field that applies the principles of engineering and life sciences toward the development
of biological substitutes that restore, maintain, or improve tissue function or a whole
organ." A more recent definition is given by MacArthur BD 2 , where the final clinical
application is stressed, defining tissue engineering as "understanding the principles of
tissue growth, and applying this to produce functional replacement tissue for clinical
use.” The main aim of tissue engineering is therefore to realize a functional part of
tissue or organ utilizing a biocompatible and biodegradable scaffold, oftentimes seeded
with autologous and/or stem cells. With proper chemical and mechanical conditioning,
the final product ought to be an engineered graft able to be integrated into the body,
with the aim of effectively restoring the function of the injured (or malfunctioning) organ.
One of the most important issues related to realizing a functional engineered
tissue is ensuring that the introduced cellularized scaffold receives proper nourishment
and gas exchange. In every human tissue this function is carried out by the blood
vasculature, which permits the exchange of oxygen and of nutrients in all the cells.
An interesting study from Francis et al., 1997, estimated that the domain that a single
cell can effectively communicate in, receive nutrients and oxygen is 250 µm in size.
14

Since an effective communication between neighboring cells is essential for tissue
function, this results have fundamental implications for engineering tissue function ex
vivo, limiting the thickness of constructs 3.
Therefore, one of the most pervasive contemporary challenges across the field of
tissue engineering is to properly guide the formation and maintenance of capillary
networks within engineered tissue constructs. This could help to overcome the limitation
related to the thickness and the size of the engineered constructs, providing nutrients
and oxygen to cells.
Vasculogenesis and angiogenesis represent two complex processes referring to
the de novo formation of capillary vessels from endothelial cells or from preexisting
vessels, respectively. Both processes take place during embryonic development, when
the vasculature of the entire fetus must be formed, and in adults, particularly in the
processes of wound healing and tumor formation.
It is believed that a complex molecular array of growth factors and other signaling
molecules work synergistically with a variety of cell types to collectively stimulate,
regulate, and maintain the process of angiogenesis.
Several approaches have been evaluated to induce angiogenesis in engineered
constructs, with the aim of improving their long-term function:
-

the direct or sustained delivery of several angiogenic growth factors (notably,
“Vascular endothelial growth factor” VEGF), alone and in combination 4,5;

-

the use of gene therapies as a tool to enable sustained release of these
angiogenic proteins;

-

the use of a cell-based therapy using endothelial cells to create microvascular
networks;

-

modifications in scaffold design and chemical composition 6,7.
15

To date, none of these approaches have proved clinically efficacious. Translation
into the clinic has been prevented due to two critical issues: the lack of stability over
time and the poor biocompatibility of animal derived pro-angiogenic matrices (e.g.
Matrigel from Engelbreth-Holm-Swarm mouse sarcoma) 8.
To overcome these issues, we focused our attention on the human placenta, the
organ that acts as an interface between mother and fetus, which is both richly
vascularized and readily available. Through a particular process, the protocol for the
derivation of a pro-angiogenic extract from the human placenta was optimized. The
mixture, referred to as human Placental Matrix (hPM), has been determined to contain
more than 2600 proteins, among which are several important angiogenic growth factors.
Both in vitro and in vivo studies of hPM’s effect on cells were conducted.
HUVECs were seeded onto an hPM coated 96 well plate, and following 24 hours of
culture, they started to organize into an angiogenic capillary network. Some
angiogenesis related proteins not present in the extract, including VEGFA, were upregulated in the HUVECs when seeded onto hPM. Animal studies showed that the
incubation of a scaffold in hPM before the implantation in a rat model, compared with
Matrigel or with PBS (control), improved capillary network formation and reduced fibrotic
capsule formation 9.
Even with hPM shown to modulate the initial stages of angiogenesis, and the
formation of a mature angiogenic network after a few days of cell culture, it appeared to
start degrading after 5 days. This finding suggested that a controlled release of hPM
could help to form a more stable capillary network.
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Among FDA approved PLA-copolymers, PLGA is one of the most used to
achieve the controlled release of growth factors (e.g. BMP, VEGF, bFGF)

10,11,12

for

tissue engineering applications. Multiple studies investigated how to optimize the
release of a single protein, some evaluated strategies to obtain dual release,
embedding microparticles in a polymeric matrix or constructing microparticles with
multiple shells,13 and a few studies have evaluated the possibility of co-encapsulating
two different proteins in PLGA microparticles 14 15.To date, to the best of our knowledge,
this is the first study in which a complex, heterogeneous mixture of proteins was
encapsulated using PLGA microparticles.
In light of this, the present study aims to optimize a suitable controlled release
method using PLGA microparticles to deliver hPM for a longer period of time, in order to
allow the cells to organize into a more mature, stable and long lasting vascular network.
The final aim will be to assess the effect of hPM controlled released from PLGA
microparticles on the stability of the angiogenic network, using a 3D hydrogel based cell
culture of endothelial cells.

Specific Aims
The specific aim of this project is to optimize a protocol for encapsulation of hPM
in PLGA microparticles and to evaluate the angiogenic effect of this protein mixture if
controlled release in an endothelial cells culture. In this project, we aim to evaluate
microparticles’ features and the associate total protein release rate over time, and the
effect of the proteins released from PLGA microparticles on endothelial cultures to
assess the usefulness of this method to induce a more mature network of capillaries.
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Specific Aim 1: Characterization of induction of angiogenesis in HUVECs 2D
culture using human Placental Matrix
The first aim of this project was to characterize the evolution of the angiogenic
network of HUVECs in response to hPM under different conditions. The first experiment
was related to the evaluation of HUVECs response to hPM in which denaturation of
proteins was induced, to confirm a correlation between protein function and angiogenic
network formation.The second experiment aimed to assess the need of a controlled
release method to improve network stability. The use of multiple inoculations of hPM
was addressed to mimic a controlled release during time.
Specific Aim 2: hPM encapsulation in PLGA microparticles and optimization of
MPs features and in vitro protein release rate.
The second aim of the project was to assess the feasibility of the encapsulation
of the complex protein mixture in PLGA microparticles evaluating encapsulation
efficiency, microparticles’ features and release rate. After that, the protocol was
optimized to get to the desired results for our specific cell culture application, in term of
size, encapsulation efficiency and release rate.
Specific Aim 3: Evaluation of the angiogenic effect of hPM controlled release from
PLGA microparticles in an Alginate based 3D culture of Human Umbilical Vein
Endothelial Cells (HUVECs)
The third aim of this project was to assess the effect of hPM controlled released
using PLGA microparticles on HUVECs. An optimization of the 3D culture preparation
was performed to obtain the desired features of Alginate matrix, suitable to realize the
angiogenic assay. A 2D culture of HUVECs cells was realized to evaluate differences in
HUVECs organization when seeded onto hPM, when hPM was inoculated in the
angiogenic media and when hPM was released from PLGA microparticles. After that, an
angiogenic assay was realized using a 3D Alginate-based hydrogel culture system,
18

comparing in a long term culture (21 days) the stability of angiogenic network induced
by pure hPM to the one induced by hPM delivered by PLGA microparticles.
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CHAPTER 2
BACKGROUND
Origin of Blood Vessels: Vasculogenesis and Angiogenesis
An overview of the main molecular mechanisms and factors involved in the
angiogenic process will be discussed. Angiogenic induction in tissue engineering will be
covered as well.
Mechanisms of angiogenesis
The cardiovascular system is the first to be developed in the embryo, since it is
the only one able to guarantee the survival of all the cells in the body, providing them
with nourishment and oxygen. The first recorded scientific insight into the understanding
of the mechanism of formation of new vessels dates back to the Scottish anatomist and
surgeon John Hunter. His observations (summarized in his Treatise published in 1794)
suggested that proportionality between vascularity and metabolic requirements occurs
in both health and disease. Although the word angiogenesis never appears in his
writings, he was the first to show interest for this field investigating the mechanisms of
angiogenesis, better explained in 1970 from Judah Folkman, who gave rise to the
modern history of angiogenesis, mainly with his hypothesis related to the angiogenesisdependent nature of tumor growth16 . Recognition that control of angiogenesis could
have a therapeutic value has stimulated great scientific interest during the past 40
years.
One of the main goals to improve results of research areas such as cell therapy,
regenerative medicine and tissue engineering is to gain a deeper understanding of the
molecular mechanism of angiogenesis and of the complex arrays of chemical factor
involved in the process.
20

The formation of new vessels starts from particular changes involving circulating
endothelial cells progenitors in the embryo and the derived differentiated cells in adults.
Although initially this process was thought to occur only during the embryo growth,
further studies have demonstrated that it takes place in the adult age as well,
particularly during wound healing process and during the transition from a benign to a
malignant form of tumor. Endothelial cells in their mature stage are therefore able to
build channels that efficiently distribute blood in the various part of the body: even if they
are elongated, thin and fragile cells, their inability to collapse derives from their
capability to sense changes both in the mechanics of blood pressure and in the
chemical composition of ECM17.
The formation of new blood vessels can be classified in two processes:
vasculogenesis and angiogenesis. Sometimes neovascularization has been used as a
synonym for angiogenesis, but it specifically refers to the formation of any blood vessel
in the adult age, regardless of its size or type: it therefore includes other types of
vascular growth like arteriogenesis, venogenesis and lymphangiogenesis.
Vasculogenesis refers to the formation of new vessels starting from endothelial cells
precursors. It is a dynamic process which involves cell-cell and cell-matrix interactions,
temporarily and spatially directed by a complex of growth and morphogenic factors.
Even if it takes place mainly during the embryo development, it has been shown that it
can be initiated even in adults from circulating endothelial progenitor cells (EPC)
(derivatives of stem cells) in specific conditions such as tumor growth, revascularization
after ischemia and in case of endometriosis18.

21

Vasculogenesis is initiated by angioblasts, derived from lateral mesoderm, which
in the bone marrow differentiate into Endothelial cells (EC). Once they differentiate, they
start to organize primordial vessels, due to cell-cell contact, which evolve after that in an
endothelial cell tube. Finally, a primary vascular network is originated from these
different tubes and then stabilized due to pericytes and vascular smooth muscle cells.
Differently from vasculogenesis, angiogenesis refers to the growth of vessels
from already existing ones, both in the embryo development and in adults. Two different
processes can lead to angiogenesis: the most known one is named sprouting
angiogenesis, discovered about 200 years age, and the less known discovered by Butti
et al. only a couple of decades ago, is called intussusceptive angiogenesis19.

Figure 2-1: Mechanisms of angiogenesis.The arrows indicate the direction of
propagation of the angiogenic stimuli. (Source:
http://educationportal.com/academy/lesson/what-is angiogenesis---definitionfactors-quiz.htmL)
As the name implies, sprouting angiogenesis is characterized by sprouts
composed of endothelial cells, growing toward a specific angiogenic stimulus from the
wall of an already existing blood vessel. The process of sprouting angiogenesis is

22

usually initiated in poorly oxygenated tissues. Parenchymal cells can sense a level of
hypoxia, since it demands the formation of new vessels to satisfy their metabolic
requirements. Their response to the low level of oxygen is the secretion of a key
proangiogenetic factor called vascular endothelial cells growth factor (VEGF-A). Not all
the endothelial cells can initiate the process of sprouting angiogenesis; a particular
endothelial cell in the vessel called “tip cell” is responsible to guide the capillary
sprouting through the extracellular matrix toward an angiogenic stimulus. Six main
phases can be described in the basic sprouting angiogenesis

19, 20:

(1) a particular

endothelial cells exposed to the angiogenic factor (VEGF-A) become tip cells, owing to
a specific signaling cascade induced by VEGF; (2) the tip cells lead the developing
sprout by extending numerous filopodia; (3) the sprouts elongate due to the proliferation
of endothelial stalk cells; (4) once the sprouts are long enough, the tip cells from two
developing sprouts fuse and create a lumen; (5) blood which starts to flow, oxygenate
the tissue and decrease the amount of angiogenic factor; and (6) finally pericytes, ECM
and mechanical factor stabilize the newly developed capillary.
Intussusceptive angiogenesis, also called splitting angiogenesis, refers to a
different angiogenic process which does not start from the migration and proliferation of
a tip cells, but which is initiated by opposite ECs into the capillary lumen that protrude
forming an endothelial junction. After that, the endothelial bilayer and the basement
membrane are perforated allowing growth factors to enter and finally fibroblast and
pericytes stabilized the newly formed vessels. Since this process requires only a
reorganization of endothelial cells and does not involve the long processes related with
the proliferation and migration of endothelial cells, it is thought to be faster and more
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efficient compared with the sprouting one. Because of its recent discover, the
mechanism of intussusceptive angiogenesis is still poorly understood and the research
in this particular branch is currently particularly active.
Angiogenic stimuli
A complex array of mechanical and chemical factors is known to play an
important role in the processes of vasculogenesis and angiogenesis.
Mechanical stimuli have not been fully characterized yet. There is a significant amount
of controversy with regards to shear stress acting on capillaries to cause angiogenesis,
although current knowledge suggests that increased muscle contractions may increase
angiogenesis. This may be due to an increase in the production of nitric oxide during
exercise, which results in vasodilation of blood vessels21.
Chemical stimuli are predominant to regulate angiogenesis: when endothelial
cells are subjected to hypoxia, they respond to the low level of oxygen producing an
increasing amount of chemical growth factors (such as VEGF) which induce the
angiogenetic process and stabilize the capillary network. Different families of growth
factors are involved in the control of the angiogenetic process. The main pro-angiogenic
factors identified are Vascular Endothelial Growth Factor (VEGF), basic Fibroblast
Growth Factor (bFGF), Platelet-derived Growth Factor (PDGF), Transforming Growth
Factor-β(TGF- β), and Angiopoietin, but several more play minor role in the angiogenic
process such as Keratinocyte Growth Factor (KGF), Hepatocyte Growth Factor and
Angiogenin 22. Angiostatic factors play an important contrasting role in the complex
array of chemical factors which regulate the delicate balance of the angiogenetic
process. These chemical signals which inhibit the growth of new blood vessels can be
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endogenous, produced normally within the body (for example angiostatin, endostatin or
thrombospondin) or exogenous, introduced through drugs or diet 23.
A deeper understanding of the anti-angiogenetic effect of these molecules, could
help to provide useful treatments applicable to many types of cancer, macular
degeneration in the eye and several other diseases which involve proliferation of
abnormal vessels 24, 25.
Pro-angiogenic factors:
Vascular Endothelial cells Growth Factors (VEGF)
VEGF represents the most known and investigated regulator of neovascularization, whose importance is due to the ability to initiate alone the angiogenic
process, then completed with the co-operation of other growth factor families. This
sulfide-bonded dimeric glycoprotein is involved in the regulation of multiple steps of
angiogenesis4, from the activation and regulation of migration and proliferation of
endothelial cells, to the induction of tubular-like formations and vascular
hyperpermeability 26.
Different VEGF forms exist, and one of the peculiarities of VEGF family is the
largely non-redundant role of its members, each one with specific role in angiogenesis,
embryonic angiogenesis, vasculogenesis or lymphoangiogenesis.
VEGF production is stimulated in endothelial cells by a transcription factor, called
hypoxia-inducible factor (HIF), which is expressed when cells are not receiving enough
oxygen. The mechanism used by VEGF to stimulate cellular response and induce
angiogenesis is by binding to tyrosine kinase receptors (the VEGFRs) on endothelial
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cells surface, causing them to dimerize and become activated through
transphosphorylation.
The main component of the VEGF family is VEGF-A; it stimulates angiogenesis
in health and disease by signaling mainly through VEGF receptor-2 (VEGFR-2, also
known as FLT1), and through other co-receptors, called neuropilins (NRP1 and NRP2),
which enhance the activity of VEGFR-2 but also signal independently.
The response of endothelial cells to a VEGF gradient is highly organized: it
induces a specific gene expression cascade with the final aim to ensure that the specific
EC stimulated becomes a tip cell and takes the lead to initiate the angiogenic process.
Two different isoforms of VEGF factors exist, with defined functions: soluble
VEGF factors, which promote vessel enlargement, and matrix-bound, which stimulate
branching. Another important difference has been noticed between paracrine and
autocrine VEGF: the first one essentially released by tumors, increases vessel
branching and makes tumor vessels abnormal, whereas the second, released by
endothelial cells, maintains vascular homeostasis.
The presence of mutation in VEGF growth factor and of its receptors results in
vascular tumors and in pathological angiogenesis, while the deficiency of them aborts
vascular development, because of the expression of angiopoietin-2 27. The research for
an effective anti-VEGF therapy to stop the development of vessels in pathologies such
as various types of cancers and in macular degeneration, represent a really active field.
Even if in 2008 it was demonstrated that anti-VEGF drugs show therapeutic efficacy in
mouse models of cancer and in an increasing number of human cancers, the transitory
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benefits and the restoration of tumor growth and progression in many cases enhanced
the need of further investigations 28.
Fibroblast Growth Factors (FGF)
Fibroblast Growth Factors (FGF) family represents one of the first discovered
and investigated among angiogenic factors. Its members are involved in a wide range of
biological functions, such as angiogenesis, arteriogenesis, wound healing, cell and
tissue proliferation and differentiation, embryonic development and various endocrine
signaling pathways.
FGF induces angiogenesis by binding heparin domain and through interactions
with cell-surface-associated heparan sulfate proteoglycans. FGFs can activate directly
the specific receptors (FGFRs) on endothelial cells or indirectly stimulate angiogenesis
by inducing the release of angiogenic factors from other cell types. FGF1 and FGF2 are
the specific factors involved in the control of the angiogenic process. They are able to
induce endothelial cell proliferation and their physical organization into tube-like
structures, promoting the growth of new blood vessels from the pre-existing vasculature.
They have been demonstrated to be able to induce revascularization of ischemic
tissues, more than VEGF and Platelet-derived Growth Factor (PDGF) 29, 30.
Because of the partial redundancy of FGF family and since the absence of FGF
was shown to not produce vascular defects, the development of specific FGF or FGFR
inhibitors for blocking angiogenesis is lagging behind 27 .
Platelet-derived Growth Factor (PDGF)
Platelet-derived growth factor (PDGF) is one of the main and firstly discovered 31
indirect pro-angiogenic factors, initially isolated from platelets, but then identified in
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other different cell types under certain conditions. PDGF is known to be a potent
mitogen for cells of mesenchymal origin, including smooth muscle cells and glial cells,
but it plays an important role in the angiogenetic process as well.
The interaction between PDGF-BB and its specific receptor on endothelial cells
(PDGF-β) induces tube formation, sprouting and proliferation in vitro 4. Moreover, since
several studies showed that a deficiency for PDGF-B or PDGF-β receptors cause
malformation or incomplete development of vessels wall, this growth factor is essential
to achieve vessel stabilization and to avoid vessel leakage, tortuosity, microaneurysm
formation and bleeding 11.
Three different isoforms of PDGF have been identified (PDGF-AA, PDGF-BB,
PDGF-AB) and two different types of receptors: alpha-type and beta-type PDGFRs.
PDGF induce angiogenic response with a mechanism similar to VEGF.
On the side of therapies against tumor angiogenesis, PDGFR inhibition
diminishes tumor growth by causing pericyte detachment, leading to immature vessels
that are prone to regression. Overall, further studies are required to explore the benefits
and risks of PDGF inhibition for the treatment of cancer 27.
Transforming Growth Factor Beta (TGF-β)
Transforming growth factor-β (TGF-β) is a polypeptide, secreted as inactive
precursors, which need to be activated by proteases, low pH or heat to act in the
angiogenetic process. In addition to important functions related to the control of EC
proliferation and differentiation, it is a type of cytokine which plays a role in establishing
and maintaining the vessel-wall integrity. TGF-β can act as an angiostatic or angiogenic
molecule, depending on the quantity circulating: low doses of TGF-β1 stimulate
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proliferation of endothelial cells and tube formation in vitro, whereas higher doses have
contrary effects.
TGF-beta is produced by many different cell types, including macrophages, and it
performs its action on angiogenetic process recruiting inflammatory cells, which in turn
release pro-angiogenic cytokines. It contributes to the stabilization of vessel wall
regulating the proliferation of smooth-muscle cells and pericytes 23, 27.
Due to its context-dependent pro and anti angiogenic effect, it is considered a
promising factor to realize the suitable mechanisms to stop the proliferation of epithelial
cells at the early stages of oncogenesis or to block the stabilization of vessel walls

32, 27.

Angiopoietin
Angiopoietins and their receptor on EC (Tie2) represent another fundamental
system involved in the morphogenesis and stabilization of interaction between
endothelial cells and surrounding tissues.
Four different paracrine growth factors (Ang1, Ang2, Ang3, Ang4) are the
members of this growth factor family; even if they all bind to Tie2 receptor on EC, they
can have an opposite effect and the result in angiogenic development would depend on
this balance 19.
Although they are not capable of inducing proliferation or tube formation in
endothelial cells in vitro, these cytokines are involved in the control of many functions in
vivo (microvascular permeability, vasodilation, and vasoconstriction) and they are able
to promote sprouting of endothelial cells 33.
Angiostatic factors
Endogenous inhibitors of angiogenesis include various anti-angiogenic peptides,
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hormone metabolites, and apoptosis modulators, which can be classified mainly in two
big groups: matrix-derived and non-matrix derived.
Among the matrix derived angiostatic factors the main ones are Endostatin and
Thrombospondin-1. Endostatin is derived from collagen type XVIII and it performs its
anti-angiogenic action by interfering with the transduction of pro-angiogenic signals
(FGF,VEGF), by blocking endothelial cell motility, by inducing apoptosis and inhibiting
cells proliferation. Thrombospondin-1 was the first one to be recognized as an inhibitor
of angiogenesis. It acts on the angiogenetic process by regulating cell adhesion,
proliferation and survival, transforming growth factor-β (TGF-β) activation, and activating
specific proteases 34.
Among the non-matrix derived, the main one is Angiostatin, derived from a cleavage
of plasminogen, which prevent neo vessels formation inhibiting endothelial cell
proliferation and migration 35.
Angiogenesis in tissue engineering
The research for an effective method to induce angiogenesis in engineered
constructs nowadays represents the biggest challenge in the field of tissue engineering.
Inducing the formation of a stable capillary network would help to overcome the
limitation in size and thickness of the construct, due to oxygen inability to diffuse deeper
than 200 µm. A better understanding of the molecular mechanisms involved in the
angiogenetic process and recent advances in the technology of biomaterials for scaffold
design and for sustained growth factors release, stimulated several approaches to
induce successful angiogenesis in the transplanted grafts 22.
The predominant pro-angiogenic effect of particular growth factors (especially VEGF)
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suggested the approach based on their direct injection to induce revascularization in the
engineered construct. The results obtained from therapeutic application in vivo, showed
that the enhanced vascularization and collateral vessel formation was characterized by
a disordered growth of blood vessels and it was followed by rapid degradation and an
incomplete angiogenic process22.
Since a successful angiogenic outcome could not be obtained with a single
factor, these results suggested that a combination of them could improve the stability of
the different angiogenic steps, and this was investigated by injecting VEGF combined
with other growth factor such as FGF or Ang1 36, 37.
The rapid clearance and degradation of the protein from the administration site
encouraged the use of biomaterials or stable scaffold that enable slow and sustained
growth factor release as a useful strategy to get to a functional vessel network

22.

Different groups have investigated the influence on ECs behavior of the chemical
properties of specific materials used for scaffold preparation. The use of natural derived
materials such as Matrigel or ECM-mimic matrixes (collagen, laminin and other typical
ECM component) showed an enhanced angiogenic response of the cells after the in
vivo implantation 38.
Another approach focused on the modification of scaffold material by
immobilizing directly the growth factors before processing the polymer/natural material,
showing initial stages of microvascular formation in vitro 13, 39. Similarly, a really
promising technique is based on the pre-encapsulation of the growth factors in
nanoparticles or microparticles, successively embedded in the 3D scaffold. The ability of
the microspheres to slowly release the factors and to protect the bioactivity of the
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proteins and the combination with specific materials as 3D matrix, allowed to elicit
strong enhancement to vascular sprouting both in vitro and in vivo 40.
Since in the last decade numerous improvements have characterized the field of
cell and gene therapies, their usefulness to induce angiogenesis in tissue engineered
graft has been evaluated. The stimulation of vessel growth using gene transfer
delivering a plasmid encoding VEGF to the cells incorporated to the scaffold 41, showed
increased blood vessel density relative to control. Similar results were obtained both
with viral and non-viral vectors in promoting the tissue growth and the remodeling of the
vessel network, overcoming limitation imposed by the release kinetics of a controlled
release method to deliver the required growth factors

42 .

To overcome the limitations due to lack of the different cell types involved in the
angiogenic process in vitro, the use of stem cells demonstrated the possibility to give
rise to endothelial cells, pericytes and vascular smooth muscle cells, seeding in the
scaffold Endothelial Progenitors Cells, derivable from bone marrow, fat tissue or
peripheral blood 43, 44.
Promising results were finally shown combining a multiple growth factorsreleasing scaffold to stem cell therapy, with an induction of complete angiogenesis in
vivo, with more efficient vessel stabilization 45.
The results obtained up to date enhance the need of further research regarding
the specific molecular mechanism of the angiogenic process and the differences
between ECs behavior in vitro and the in vivo environment. Main future directions point
toward a combinatorial growth factors stimulation specifically after the construct
implantation, an optimization of the ECM material (to get to in vitro environment able to
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mimic the in vivo ones) and finally to the use of endothelial cells progenitors to
guarantee the availability of all the cells types involved in the various angiogenic steps 7.
Angiogenesis quantification
The choice of a suitable method to evaluate and quantify each step of the
angiogenic process is required to assess the efficiency of any pro or anti angiogenic
therapy, both for clinical or tissue engineering applications. Multiple different angiogenic
assays have been developed and optimized to try to monitor and evaluate the behavior
of cells during the different steps of angiogenesis, to understand the specific role of
each factor in inducing ECs organization, to assess the effect and the required quantity
of novel pharmaceutical agents in drug testing.
Despite notable improvements up to date, no assay responds to the
requirements needed to completely characterize all the steps of the angiogenetic
process in all its molecular and biological aspects. The ideal angiogenetic assay should
be robust, cheap, time saving, reliable, easy to reproduce, include positive and negative
control and be ready to report results useful for clinical applications 46. It should be able
to provide a quantification of the release rate, spatial and temporal distribution of the
angiogenic factor designing a dose response curve. Moreover, it should provide a
quantitative measure of the newly tubule-like structure in terms of vascular length,
number of branching point, number of tubules, areas and volume. Finally, all the results
obtained in vitro should be confirmed in vivo, with a long term and possibly not invasive
monitoring 47.
The existing angiogenic assays can be differentiate in “in vitro” and “in vivo”
assays.
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A common criterion to validate an in vitro angiogenic assay is the presence of a
lumen within the capillary-like structure in which endothelial cells organized when
cultured. The way in which ECs organize leads to a classification of the in vitro assays
between two-dimensional assays, when cells develop tubular structure on the surface of
the substrate, or three-dimensional, if the cells invade the ECM-like structure48. More in
detail, specific in vitro assays can be used to investigate different characteristics of
endothelial cells behavior. ECs proliferation rate is usually evaluated using MMT or DNA
quantification. Their migration through the use of particular transfilter assay, usually a
modification of Boyden chamber, to visualize the pseudopodia extension and
discriminate between chemotaxis (directional migration) and chemokinesis (random
motility). Finally, ECs differentiation forming a capillary-like network is evaluated through
the use of 3D gel structure (collagen, Matrigel) in which the cells develop tube forming
tight junctions. Since ECs are not the only cell type involved in the angiogenic process,
some in vitro assay aims to study the interaction between them and other cell types
(mural cells) during the steps of angiogenesis.
Even if in vitro assays are an easy and cost-effective method to gain a good
molecular understanding of all the angiogenic steps and to provide an early validation
for screening purpose or for a drug testing, their results have to be considered carefully
because of the great gap existing between the in vitro and the in vivo conditions 47. First
of all, ECs cultured in vitro are not in the same quiescent condition as in vivo;
secondarily after proliferation in vitro, ECs tend to lose their phenotype; finally their
behavior is strongly affected by the environment and by the interaction with other cell
types (SMC, perycites), conditions which cannot be reproduced in vitro.
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A more realistic understanding of the angiogenic process and quantification of
the neovascularization can be obtained using in vivo assays, which mainly can be
prepared following three approaches:
-

microcirculatory preparation in animals, usually in a chamber created in the ear,
back or cheek of rodents;

-

vascularization of an implanted biocompatible polymer matrix;

-

excision of vascularized tissues from animal or human

47.

Though the in vivo approaches resemble more the physiological conditions, they
are expensive, time consuming and several difficulties have been encountered to
reliably assess the temporal and spatial response of ECs and to evaluate the dose
response curves.
To conclude, seen pros and cons of both the approaches, a complete
interpretation of the efficacy of any therapeutic strategy on angiogenesis induction or
inhibition can be achieved only with a combination of multiple in vitro assay, which
results should then be tested in vivo, to provide more realistic results necessary for the
translation into clinic 46.
Perinatal Tissues
One of the most vascularized organ in the body is the Human Placenta.
Following a brief overview of the main properties of perinatal tissues with an insight on
human placenta and on the properties that make it an attractive material for tissue
engineering applications.
Perinatal Tissues properties
One of the main issues related to the improvement of tissue engineering is to find
a safe, easily available and appropriate source of cells and scaffold materials able to
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mimic the physiological environment to promote the same processes then in vivo. In the
past years, uses of both embryonic and adult stem cells have been investigated, but
several disadvantages for both of them arose, related essentially to the ethical issues
for embryonic and limit in differentiation potential for the adult ones.
Perinatal materials represented a promising alternative source of stem cells and
of scaffolds to overcome these limits: umbilical cord, amniotic and chorionic membrane,
amniotic fluid and placenta villi represent cell and scaffold sources which have recently
come under close scrutiny for clinical and tissue engineering applications 49. The easy
and unlimited availability of this sources and the minimal ethical and legal issues
associated with their use, represent other important advantages which make these
sources so interesting. Moreover, they are characterized by some impressive properties
relevant for clinical and tissue engineering applications: anti-inflammatory and antimicrobial properties, low antigenicity, richness in extracellular matrix, interesting
mechanical properties and pro-angiogenic potential.
Regarding their anti-inflammatory properties, since inflammation is a central
consequence of every kind of injury and devices implant, often resulting in permanent
scarring and fibrosis, a reduction in inflammation by stem cell therapy would be an
important goal to repair injured tissues and to allow the integration of engineered grafts
50 51.

The lack or very low expression of antigens on the surfaces of cells isolated from

these tissues could help to avoid the use of immunosuppressant drugs, since an
immunogenic reaction would be prevented

52.

Moreover, the mechanical characteristics

and the richness in extracellular matrix and basement membrane make these tissues an
ideal source to provide support for cells cultures and to realize innovative technique for
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tissue engineering application, overcoming the main limitations of field like small
diameters vessels engineering 53 54. Pro-angiogenic properties of these tissues,
especially of the villous placenta, make them promising to be applied to realize reliable
angiogenic assay and for tissue engineering applications 55.
Human Placenta: anatomy and main properties
Human placenta, literally meaning “tree of life”, represents the main organ of
interface between the mother and the fetus, providing nutrients and oxygen during the
embryonic development. The first and most comprehensive definition was given in 1937
by Mossman who defined placenta as ‘an apposition of parental, (usually maternal) and
fetal tissue for the purposes of physiological exchange’.

Figure 2-2: Gross structure and function of human Placenta
(Source:http://www.walgreens.com/marketing/library/graphics//images/en/170
10.jpg)
The main functions of this organ are therefore to maximize oxygen and nutrient
acquisition from the mother, (working as lung, digestive, excretory and endocrine
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system for the fetus) but at the same time to minimize immunological rejection by the
maternal immune system 56.
A mature placenta is composed of a fetal and a maternal side. The fetal side presents
an outer membrane, called amnion, which covers an inner surface, called chorion, in
which it is inserted the umbilical cord, containing two arteries and one vein embedded in
Wharton’s jelly connective tissue. The maternal side, usually called decidua basalis,
contained around 15-30 groped lobules called cotyledons, each one consisting of a
main stem of a chorionic villus as well as its branches and sub-branches. Chorionic villi
main role is to maximize the surface useful for the nutrient and oxygen exchange
between the mother and the fetus and they represent the main functional unit of the
human placenta as a vascular organ. Chorionic villi receive blood supplies from both
mother and fetus circulatory systems, which remain

separated.
Figure 2-1: Detailed anatomy of human Placenta
(Source:http://embryology.med.unsw.edu.au/embryology/index.php?title=File:
Gray0039.jpg)
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Feto-placental circulation is characterized by umbilical cord vein and arteries,
which branch into cotyledon vessels and capillaries inside the cotyledons villi. The
utero-placental circulation starts with the maternal blood flow into the intervillous space
through decidual spiral arteries. Since cotyledons are surrounded by maternal blood,
exchange of oxygen and nutrients take place in the intervillous space, as the
oxygenated maternal blood flows around terminal villi where deoxygenated fetal blood
flows in the cotyledons capillaries.
The development of a normal fetus strongly depend upon a suitable placental
perfusion, therefore the development of the placental vascular network is a tightly
controlled vasculogenic and angiogenic process as gestation progresses. A complex
interplay between physical and chemical factors including oxygen, growth factors and
growth inhibitors produced by placental cells (trophoblasts, Hofbauer cells, pericytes,
and endothelial cells) play an important role in the control of vasculogenesis and
angiogenesis 57. The main factors involved in these processes are the following:
-

basic Fibroblast Growth Factor (bFGF) involved in the recruitment of
haemangiogenic progenitor cells;

-

Vascular Endothelial Growth Factor A (VEGF-A or VEGF), responsible for the
commitment, growth and aggregation of EC precursors for the formation of the
haemangiogenic cords, highly expressed in early pregnancy;

-

Placenta growth factor (PlGF) involved towards the end of pregnancy, when
branching angiogenesis is replaced by non-branching angiogenic mechanism.

-

Angiopoietin 1 and 2, whose balance and interaction with receptor Tie-2 control
the stability of the outer part of vessel walls 58.
In addition to the previous traditional growth factor, multiple studies investigated

the role in the placental vascular development of another protein, Angiogenin. This
potent angiogenetic stimulator is known to induce angiogenesis by activating vessel
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endothelial and smooth muscle cells and triggering a number of biological processes,
including cell migration, invasion, proliferation, and formation of tubular structures 59.
Villous cytotrophoblasts, one of the main placental cell types, have been shown to
express and secrete angiogenin. The biological activity recorded in vitro, after
cytotrophoblast isolation and culture, suggested that angiogenin in the human placenta
is involved not only in the angiogenic process but also in vascular and tissue
homeostasis, immunogenic camouflage of the fetus, and host defenses

60, 61.

The high number of cytokine and growth factors, together with its antiinflammatory, low immunogenicity, pro angiogenic properties and richness in ECM,
make human placenta an attractive material to mimic the in vivo environment and
realize reliable in vitro angiogenic assays.
Characterization of human Placental Matrix (hPM)
A strong interest towards human placenta as a rich source of biologically active
components with impressive properties has been shown starting from the beginning of
the 20th century when the preparation of a first curative placenta extract was realized

62.

From that moment on, various extracts have been derived from human placenta, both
for clinical and research purposes. For clinical applications, various placenta derived
extracts have shown positive results in term of anti-inflammatory and analgesic effect,
encouraging possible application for drugs or in surgical applications

50.

Other uses

were investigated in combination with a cell therapy or alone to improve the current
technique regarding reconstructive surgery 63 and wound healing 64,65, where adverse
effects such as inflammation represent the main challenge. Another area regards finally
the promotion of cells differentiation and proliferation for regenerative medicine
application 66, 67, with a promising application for liver regeneration. Differently from the
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clinical perspective, for research purposes human placenta has mainly been used as a
source for in vitro synthesis of several growth factors 68, 69 in order to investigate their
function, and gain a better understanding of the molecular mechanisms involved in
particular diseases, tumor growth and formation and tissue regeneration.
Up to date, even if pro angiogenic properties of all the perinatal tissues have
been recognized and the growth factor expression in placenta investigated, no other
laboratory has purposed the extraction from human placenta of a pro-angiogenic protein
mixture useful to induce angiogenesis in the transplanted graft in tissue engineering
application.
Qualitatively the mixture, named human Placental Matrix (hPM), is a translucent
and viscous compound, rich of proteins and growth factors. It is obtained from full-term
human placentas following the protocol described in Chapter 3. The characterization of
hPM, including broad spectrophotometric analysis, total protein content with Sodium
Dodecyl Sulfate-Polyacrylamide gel electrophoresis (SDS page), cytokine and gene
analysis, has been performed in our laboratory.
Either absorption spectroscopy or total protein content analysis confirmed the
high protein content of hPM. Spectra obtained from spectroscopic analysis showed a
significant absorbance peak at 280 nm, wavelength to which the proteins in solution,
mainly constituted by aromatic amino acids such as tryptophan and tyrosine 70, are most
commonly measured. Total protein content analysis revealed the protein concentration
to be 2918±169 μg/mL. Data obtained from cytokine array analysis detected a total of
54 cytokines in hPM. The highest chemiluminescent intensity is shown by angiogenin,
followed by Acrp30Ag, IGFBP-1, NAP-2 and Fas/TNFGSF6 which are all known to be
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pro-angiogenic cytokines. Gene analysis of HUVECs seeded with hPM showed upregulation of many angiogenic genes (including VEGF-A) in comparison to HUVECS
seeded onto cell culture plates.
Biomaterials for Tissue Engineering Applications
One of the main areas of interest for tissue engineering application focuses on
the use of smart and modified biomaterials to improve the delivery of useful growth
factors or to mimic physiological extracellular matrix (ECM) characteristics.
Encapsulation techniques to achieve a sustained and modulated release of
bioactive proteins have been deeply evaluated in the past century, and the main
parameters which could affect the stability of the protein and its release rate delineated
71 72 73

. The realization of smart controlled delivery system, with the use of particular

processes of encapsulation and with remotely activated smart materials, represents one
of the most promising research area, aiming to customized release profiles 74 75.
The development of matrices able to mimic physiological ECM has become one
of the most active areas of tissue engineering. Synthetic and natural materials has been
evaluated and several chemical modification investigated, trying to induce particular
behavior in cells thanks to specific cell-matrix interaction in the scaffold 76.
Protein controlled release methods
A large number of recombinant proteins have been investigated for therapeutic
applications in the last decade. A common problem is represented by their instability,
caused by their short half-lives.multiple, which makes necessary multiple inoculations to
obtain the desired therapeutic effects. Methods for controlled release, distinguished
among microparticles, microspheres, nanoparticles, represent the solution to improve
the therapeutic effect of proteins and drugs in several applications 71. Several criteria
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can be used to classify and characterize controlled release methods.
The size of particles represents the first criterion which allow to distinguish
microparticles (from 1 to 1000 um) from nanoparticles (1 to 1000 nm).

Figure 2-2: Schematic representation of distinct uses of particles in the TE field
according to size: (A) Nanoparticles can be used for release of bioactive
agents to the cell culture medium or for cell internalization (B) Incorporation of
microparticles in 3D systems for enhancement of the matrix properties. (C)
Use of microparticles for the delivery of bioactive agents to control cell
behavior. (D) Hollow capsules obtained by LbL which, after core-leaching,
may contain encapsulated bioactive agents for controlled release or liquefied
medium with cells. (E) Microparticles in the range of 100–1,000 µm can be
used: (a) in combination with cells to obtain cell-induced aggregation; (b) to
allow the formation of scaffolds with interconnected porosity after particle
agglomeration by sintering or solubilization methods; (c) as cell microcarriers
for cell expansion. (F) Use of hydrogel particles with encapsulated cells for
organ printing and mesoscaleself-assembly. (G) Fabrication of 3D porous
constructs obtained by a LbL strategy. (source 77)
Particle size represents a parameters that affect strongly the protein release rate
and the initial burst. Usually smaller particles dissolve faster than larger ones. Moreover,
it has been observed that initial release burst decrease with increasing microparticles
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diameter, likely due to the increased surface-to-volume ratio of the smaller
microparticles. Therefore a combination of different size of particles could make
possible to obtain various customized release rates 78. For tissue engineering
application, both nanoparticles and microparticles have been investigated, alone or
embedded in specific 3D matrices. For the specific aims of single or combined release
of growth factors, microparticles of various range from 5 to 100 um 79 11 80 71 have been
investigated.
Another criteria used to classify micro/nanoparticles is the method of preparation.
Several considerations about the manufacturing and the modification of microparticles
useful for tissue engineering and regenerative medicine application are required. A
control over particle size, shape, surface characteristics, and porosity should be
provided. Moreover, the method should also ideally allow the production of large
quantities of particles with a narrow size distribution. Finally the technique has to
maintain the activity of the protein while microparticles are processed. The most
commonly used techniques are 77 81:
HOT MELT EXTRUSION (HME). It involves the compaction and conversion of blends from
a powder or a granular mix into a product of uniform shape; elevated temperatures
required.
SPRAY DRYING. It transforms ﬂuid feeds into dried particulate products. The final
product is obtained by converting the ﬂuid into droplets using an atomizer in a hot drying
medium; high temperatures required.
ELECTRO-SPRAYING.

It represents a slightly modified form of the electrospinning
process, and applies an electric field to a polymeric solution extruded from a syringe.
GELATION. It uses a polymeric solution, extruded and dropped in a hardening bath
containing a slowly stirred solution responsible for the crosslinking of the polymer.
Technique compatible with encapsulation of cells or delicate molecules and with the use
of different combinations of polymers in the initial liquid formulation, including stimuli-
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responsive macromolecules allows particular designs, including layer-by-layer (LbL)
methodology, permitting to produce liquid-core shells for cell encapsulation 82.
SUPERHYDROPHOBIC SURFACES. This method is used to prepare microparticles
depositing drops of liquid precursors containing the polymer and other substances onto
the surface, rolling of water drops over superhydrophobic surfaces.
COACERVATION.

The solubility of the polymeric solution is decreased by the
introduction of a contrasting component. Two distinct phases are obtained: one
containing the coacervate phase and other containing the supernatant, allowing the
encapsulation of both hydrophilic and hydrophobic drugs.
SOLVENT REMOVAL OR EMULSIFICATION. It is also known as double emulsion method,
including two different water-in-oil-in-water (W/O/W) and oil-in-water-in-oil (O/W/O)
emulsions, which allows microparticles to be formed by removal of the organic solvent
from the polymer phase.

Among all the methods described, W/O/W double emulsion method represents the
most widely used because of its relatively simple and mild process, convenience in
controlling process parameters, and ability to produce with inexpensive instrument. It
consists of dispersed oil globules containing smaller aqueous droplets; it is obtained
firstly homogenizing an aqueous protein solution in an organic solution or in an oil and
then dispersing this primary W/O emulsion into a large volume of water containing an
emulsifier to form a double emulsion. The final formation of microparticles is obtained by
removal of the organic solvent from the polymer phase by solvent extraction or solvent
evaporation 83 84.
The mechanism of protein release represents another important criterion to
classify controlled release methods.
Both hydrophilicity and biodegradability are properties based on which release
mechanism of entrapped proteins and drugs can change. Three main mechanisms can
be observed 85 :

45

1) Diffusion: hydrophilic matrices release the contained drug by diffusion
phenomena due to the swelling of the polymer upon contact with fluids.
2) Biodegradability: for biodegradable matrices the release of the drug is controlled
by the rate of degradation in the physiological environment, mainly because of
hydrolysis reactions.
3) Enhanced controlled release: external stimuli (such as magnetic field, change of
temperature, of pH) can be given to modify matrices properties and enhance the
drug release.

Figure 2-3: Mechanisms for protein release (Source: 85)
The material used to prepare particles represents another important element
which strongly characterizes microparticles features 86. Most commonly used natural
materials are gelatin, collagen, alginate, chitosan

87 88.

Despite they present obvious

advantages related with the biocompatibility with human body, it is difficult to control
their protein release over a period of weeks or months. Because of their chemical
structure similar to human body constituents, the degradation rate of natural materialbased microparticles appears to be fast (around one week)

88, 87, 89 ,

preventing the

protein release to be sustained for a long period without use of chemical or photochemical crosslinking to slow down the degradation of the microparticles.
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88, 90.

Despite

positive results showed using glutaraldehyde or UV crosslinking, all these methods
present the risk to affect the bioactivity of the proteins.
Biocompatible synthetic materials represent a widely investigated alternative to
natural materials. PLA-copolymers represent biocompatible and FDA approved
synthetic materials normally used for protein encapsulation for biomedical
application71,91,92 . These polymers provide a long lasting controlled release of proteins,
thanks to their chemical structure and to the possibility to realize composites and multilayered microparticles15, 92, 93 .Among those, PLGA or poly (lactic-co-glycolic acid) is
one of the most used to achieve the controlled release of specific growth factors (for
example BMP, VEGF, bFGF) 71, 72, 11, 10, 12 for tissue engineering applications.
Despite the fact that since the early 90s PLGA microparticles have been largely
explored and their practical importance assessed, the mechanisms related with physical
and chemical mass transport phenomena involved with the control of protein release
have not been fully understood. One of the main reasons is related to the complexity
and the different variables involved in the mass transport mechanisms. Once in contact
with aqueous media, protein release is due to the hydrolytical cleavage of the ester
bond caused by the penetration of water in the microparticle structure. A complex array
of elements is involved in the achievement of a sustained and complete release of the
protein in its native form from PLGA microparticles94. The most important factors are the
pH and chemical composition of the release medium, the different methods used for
protein sampling, the physico-chemical properties of the encapsulated proteins and their
reciprocal interaction, the geometry and size of the particle, the charge of the polymer
and its interaction with encapsulated proteins.
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Several studies have been performed to investigate the main parameters
influencing proteins release from PLGA. Changes in PLGA microparticles sizes were
shown to influence mainly the initial burst release, increasing proportionally to the
decrease in size, but not significantly the release rate trend 72, 95. Further evaluations
made to assess the stability of the protein encapsulated showed that there was no
apparent effect of the microparticles preparation on the structural integrity of the protein.
However, after one week of incubation the protein released, it started to hydrolyze to
smaller fragments, probably due to a decreased pH for the accumulation of degraded
PLGA. 73
Although encapsulation of a single protein using PLGA microparticles has been
widely evaluated and assessed in the past literature, currently a great effort is involved
in the study of the parameters affecting encapsulation and release of multiple proteins,
especially to achieve an effective combined growth factors delivery for tissue
engineering application 96. Several studies evaluated how to realize polymeric systems
for dual growth factors release, embedding microparticles in a polymeric matrix or
realizing microparticles with multiple shells 13. A few studies investigated the possibility
to encapsulate two different protein in PLGA microparticles

14 15

, as far as we know up

to date none has investigated the possibility to encapsulate a complex mixture of
different proteins using PLGA microparticles. Further evaluations to achieve an effective
release of complex mixtures need to be performed, since differences in molecular
weight, charge, properties of the proteins contained in the heterogeneous mixture could
interact with each other and with the polymer itself.

48

Biomaterials for 3D cell cultures and angiogenic assay
Advances in cell and tissue engineering and in the understanding of molecular
mechanisms related to cell behavior and cell response to drugs, stimulated the research
to find a suitable way to test growth factors and protein delivery on cells cultures. A
great development therefore had recently characterized the field of biomaterials for 3D
cell cultures to mimic the extracellular matrix properties.
One of the most challenging areas of tissue engineering research is related to
the development of new therapeutic approaches that aim to help the body exert in
natural mechanisms for vascularized tissue growth. For the specific application of
efficient angiogenic assay, to evaluate the behavior of endothelial cells when proangiogenic growth factors alone or in combination are delivered during time, the most
investigated materials have been collagen, laminin, fibrin, alginate, hyaluronan and
chitosan for the natural materials, and PLGA and PEG hydrogel for the synthetic
materials 76.
Collagen represents one of the most investigated materials for 3D cultures
realization. It is one of the most abundant components of extracellular matrix. It is an
insoluble fibrous protein that plays an important role in angiogenesis, inducing EC to
organize in a capillary-like network97. Like fibrin and other proteins, collagen type I
matrices can be used to create a highly porous network, with favorable properties for
cell adhesion and migration 76.
More recent and advanced studies are trying to mimic ECM physiological
composition combining collagen with other proteins, like fibrin or fibronectin, to improve
EC organization in microcapillary networks 98.
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Alginate, thanks to its excellent biocompatibility and biodegradability, is another
material extensively used for different application in tissue engineering as hydrogel
synthetic ECM and as growth factors controlled deliver method

99, 100

It is an anionic

polysaccharide which forms a hydrocolloid gel in presence of divalent cations. Opinions
about its properties as a bulk material are mixed: from one side stimulation of
inflammatory cells76 and limited ability to interact with mammalian cells99 has been
registered, but from the other side the mild gelation conditions and the almost
independency from temperature make it a good candidate for growth factors slow
release and cell entrapment. The possibility to be easily processed and modified to
produce 3D scaffolding materials with specific tunable properties

100

represents a further

important advantage.
Several studies have been conducted to investigate the properties of Alginate as
synthetic ECM both in the specific application of on vitro 3D angiogenetic assay and in
vivo as scaffold for cells embedding. In vivo studies with implantation of growth factorloaded alginate constructs showed an increase in capillary density but without vascular
stabilization 101. Investigations of angiogenesis molecular mechanisms, suggested that
the delivery of multiple factors might represent the solution to this instability. On another
side, cell delivery approaches focus on stimulating vascularization either via cell release
of soluble factors, cell proliferation and incorporation into new vessels or alginate prevascularization prior to implantation.
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CHAPTER 3
GENERAL MATERIALS AND METHODS
Experimental Methods
Isolation of Vascular Endothelial Cells from the Human Umbilical Vein
Different techniques have been optimized to isolate vascular endothelial cells
from human umbilical vein (HUVECs). The following paragraph describes the procedure
adopted in this study, adapted from the method reported by Jaffe 102.
Materials: Metal luer adapters (autoclaved), 1 scalpel blade / scalpel handle
(autoclaved), 1 scalpel blade / scalpel handle (not sterile), metal ring stand (ethanol)
and clamp (autoclaved), several bags of paper towel (autoclaved), plastic zip ties / zip
gun (autoclave ties; ethanol zip gun), pipette gun and 10 mL / 25 mL pipettes, 60 mL
syringes (1 per cord and additional 20 mL syringes for filter sterilization), Costar 0.22
mL collagenase), 50 mL Falcon tubes, T75 flask (1 per cord), The
reagents needed were prepared depending on the number of cords we were using. Per
each cord we used 50 mL of sterile PBS (autoclaved), 1 mg/mL filter-sterilized bovine
collagenase (Gibco, Invitrogen, NY, USA) in 15 mL of sterile PBS, 15 mL + 8 mL of fully
prepared VascuLife VEGF media (VascuLife VEGF Medium Complete Kit, Lifeline, MD,
USA);
Methods: An appropriate volume (15 mL per umbilical cord) of 1 mg/mL bovine
collagenase in sterile PBS was prepared and filter-sterilize in hood using 0.22 µm filter
and sterile 60 mL syringe. The collagenase solution was preheated to 37°C in a warm
water bath 10-15 minutes prior to usage to maintain its activity.
The workbench was prepared under a laminar flow hood by laying out paper
towels on the metal tray, spraying them with plenty of with ethanol and taping them to its
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edges. After that the metal ring stand, (cleaned before with dish soap and then with
ethanol), all the autoclaved tools and reagents were placed under hood (paying
attention to spray everything with ethanol to avoid contamination)
Full-term human placenta was collected from the delivery suite at Shands
Hospital (Gainesville, FL, USA) up to 24-48 hours after delivery. Umbilical cord was cut
from the placenta directly at the base. Depending on the cords length, in some cases
they were cut into multiple lengths to avoid blood clots. To avoid any damage to the
cells, we paid attention not to massage or to rinse the cord, but to simply clean it off
using ethanol-soaked paper towel before placing it under the hood. After cutting them
from the placenta, umbilical cords were laid onto the tray and clear cuts at about 3 cm
from cord edges were made using a scalpel, to prevent any bacterial contamination.
For each cord, after choosing the luer adapter size depending on the cord
dimensions, it was plug into a syringe, then inserted into one end of the cord vein and
secured tightly with a zip tie to prevent any leakage. The umbilical cord was then draped
over ring stand to have the open end above the waste beaker; 50 mL of sterile, warm
(preheated) PBS were poured directly into syringe and then gently injected through the
cord in order to remove all the blood.
After washing the cord, plunger was removed from the syringe and the cord open
end was tie off with a zip tie. Warm collagenase was obtained from the water bath, and
holding the syringe so that the cord is suspended in the air, it was poured until able to fill
the vein and a bit extra, paying attention to massage out air bubbles. After changing the
plunger, the collagenase solution was injected slowly into the cord to pressurize the
vein. Cords containing collagenase enzyme were allowed to incubate under the hood
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for about 25 minutes.
After cords were incubated, the end of the cord was pinched off just above zip tie
and the suspension inside the cord was allowed to drain into a sterile 50 mL Falcon
tube, and an equal volume of culture media was added to inactivate the collagenase.
The cells suspension was centrifuged (Allegra X-12R Centrifuge, Beckman Coulter,
Inc., CA, USA) for 5 minutes at 1000 rpm, the supernatant removed, the pellet resuspended in 8 mL Vasculife media and pipetted into a T75 flask for culture.
Cells were left to attach to the flask for at least 2 hours or overnight at 37°C in a
humidified 6% CO2 incubator, and then they were washed with sterile, warm (37°C)
PBS to remove non-adherent cells and debris. Fresh, warm (37°C) media was added to
the flask and this latter was changed every two days. Cell growth was evaluated using
an optical microscope every time the media was changed, and when the cells were
passaged as they reached confluence using Accutase enzyme to detach them from the
bottom of the flask. Cell passage number between 1 and 3 were used for every
experiment included in this study.
Freezing of Vascular Endothelial Cells from the Human Umbilical Vein
As soon as the cells reached passage 3, they were frozen to keep them ready to
be used in following experiments. All the media was removed from the flask, and 5mL of
fresh media was added and removed after 5 minutes. 5mL of accutase was added to
the flask and left incubating under the hood for 10 or more minutes. Accutase with cells
was then removed from the flask and centrifuged for 10minutes at 1000 rpm. The
supernatant was removed and the pellet was suspended with a suitable volume of
Endothelial Cells Media (1.75mL per each flask). 1.75mL of media w/cells was pipetted
using a micropipette into the cryogenic vials and 10% (of volume) of DMSO (Dimethyl
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Sulfoxide, Fisher Scientifc Inc., USA) was added into each vial.
The vials were closed and labeled with the concentration of cells/mL, after
counting them with a haemocytometer. Finally they were progressively frozen at a rate
of -1°C/min to -86°C and then stored in liquid nitrogen.
Derivation of human Placental Matrix (hPM)
The human Placental Matrix (hPM) is a mixture of proteins and growth factors
obtained from a full-term human placenta. The derivation method used in this study was
developed in our laboratory 9 and it is adapted from Matrigel Protocol 103.
Full-term human placentas were collected from the delivery suite at Shands
Hospital (Gainesville, FL, USA) within 12 hours after birth. Umbilical cord, chorionic and
amniotic membranes were removed and the remaining placenta was dissected into
cubes of 2x2 cm and frozen to -86°C. The chopped tissue was weighted and separated
in several plastic bags each one containing 200g of tissue, each one stored at 86 °C
until needed for further preparation. The described process is suitable per 200g of
chopped placenta.
Twelve hours after freezing, the dissected placental cubes were transported to a
cold room and maintained at 4°C where the rest of the placental extraction process was
completed. Using a blender, placenta chunks were minced in cold 3.4 M NaCl buffer
(198.5 g of NaCl, 12.5 mL of 2M tris, 1.5 g of EDTA, and 0.25 g of NEM in 1 liter of
distilled water). This NaCl buffer/placenta mix was then homogenized into a paste using
a Tissuetek Homogenizer (Homogenizer Model No SDT, Serial No 99025, Tekmar
Company, OH, USA). 250 mL plastic bottles suitable for ultracentrifuge were filled with
the obtained compound, balanced and spun at 7000 rpm for 15 min using an
ultracentrifuge (Sorvall RC6+ Centrifuge, Thermo Scientific, NC, USA). The supernatant
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was discarded; the placental extract was homogenized in 150 mL of new cold 3.4 M
NaCl buffer and the paste was newly centrifuged at 7000 RPM. This process was
repeated 2 more times, until the pellets were free of blood, cell and serum-derived
proteins. Placenta pellets were homogenized in 100 mL of cold urea buffer. Accordingly
to the protocol optimized in our laboratory, 4M urea buffer (240 g of urea, 6 g of tris
base, and 9 g of NaCl in 1 liter of distilled water) was used to prepare the proangiogenic mixture. The proteins were extracted and solubilized by stirring continuously
the homogenized placenta pellets on a magnetic stir plate for 24 hours at 4°C.
The urea-placenta mixture was then poured in distinct plastic bottles suitable for
ultracentrifugation; these latter were balanced and spun at 14000 rpm for 20 min using
an ultracentrifuge (Sorvall RC6+ Centrifuge, Thermo Scientific, NC, USA). The pellet
was discarded and the supernatant was dialyzed using 8000 MW dialysis tubing
(MWCO 8,000; Spectrum Laboratories, Inc., CA, USA). These latter were placed in 1
liter glass cylinder filled with 1 liter of cold TBS (6 g of tris base and 9 g of Nacl in 1 liter
of distilled water) and 2.5 mL of chloroform for sterilization. After at least 2 hours
dialysis, the TBS solution was discarded and replaced with 1 l fresh TBS. TBS buffer
was changed 4 more times, at 2 hours intervals, to be sure that small undesired
molecules, urea, and chloroform were removed from the extracts.
Finally, under a laminar flow hood, dialysis tubes (sterile inside) were opened
and the viscous content collected into sterile 50 mL Falcon and centrifuged (Allegra X12R Centrifuge, Beckman Coulter, Inc., CA, USA) at 4000 rpm for 15 minutes to remove
polymerized proteins. After centrifugation, the supernatants were collected and split up
in aliquots of 2 mL into sterile 15 mL Falcon tubes. The final biomaterial, a pink viscous
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extract, was stored at -86°C ready for use.
Analytical Methods
Calcein AM staining
Calcein AM is a non-fluorescent cell-permeant dye that can be used to determine
cell viability in most eukaryotic cells. In live cells the non-fluorescent calcein AM is
converted to green-fluorescent calcein, after acetoxymethyl ester hydrolysis by
intracellular esterases. A Live/Dead Assay (Invitrogen-Life Technologies, NY, USA)
Calcein AM based was used to stain HUVECs.
Calcein AM was diluted using EC media to a final concentration of 2 µg/mL and
then pipetted in each well of the multiwells plates were HUVECs were cultured for each
specific experiments. Plates were incubated for 30 minutes in a humidified 6% CO2
incubator at 37 °C and then observed using the fluorescence microscope.
Angiogenesis quantification
Angiogenesis quantification was performed using an inverted fluorescence
microscope (Zeiss Axiovert 200 Inverted Fluorescence Microscope) after cells Calcein
AM staining has been performed as previously described.
After cell staining, selected fields of view were photographed for each sample
using a color digital camera attached to the fluorescence microscope, using the suitable
fluorescence filter and with a 5x magnification (field of view 760x1040 μm). The
acquired images were saved as TIFF files and analyzed using the free software ImageJ
1.45s (Wayne, Rasband - National Institutes of Health, USA - http://imagej.nih.gov/ij/).
Several semiquantitative and quantitative methods have been used in previous
studies to evaluate outcomes from in vitro angiogenic assays 104, 105, 106. In this study
both topological (number of meshes and number of branching points) and
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morphological (mean tubule length) parameters (see Figure 3-1) have been used since
they allow the characterization of the spatial organization of the ECs in the capillary-like
network.
The number of meshes, identified by avascular zones surrounded by hexagonally
arranged vessels 107, represents an important indicator to discriminate a mature
capillary network from an immature or degraded one. A mature capillary network should
present a lower number of wide meshes, compared to an immature capillary like
structure where meshes appear to be more but smaller or less and incomplete due to
the degradation of surrounding tubules. After the TIFF image was opened, the number
of meshes was manually counted in each image for a triplicate number of samples for
each condition. The result was then normalized for the area of the field of view to get to
a result express in term of meshes/mm2.
The number of branching points, defined as nodes where branches meet or from
where tubules sprout, represent another useful parameter to quantify cell response to
an angiogenic stimulus. Usually the initial stages of angiogenesis are characterized by a
high number of branching points, due to the development of sprouts. When the network
stabilizes and becomes more mature, the number of branching points is reduced

16.

Branching points were manually highlighted and counted using the multi-point selection
tool available in the ImageJ software. The number of branching points was counted in
each image for a triplicate number of samples for each condition. The result was then
normalized for the area of the field of view to get to a result express in term of BPs/mm 2.
Length of the tubular structure represents a significant parameter to characterize
the maturity of an angiogenic network. In a mature capillary network, tubules appear to
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be longer then in an immature or degraded network. After opening the image, the scale
was set (Analyze -> Set Scale) by referring to the scale bar (200 μm) present on the
original image. Tubule length was assessed by drawing a line along each tubule and the
measure of that line was automatically calculated by the software (Analyze -> Measure)
and written out in a “Results” sheet. Since branching points can be positioned along the
tubule, the width of the tubule was taken into account. Each tubule was considered as
continuous until a morphological change in tubule width was caused by a real branch.

Figure 3-1. Angiogenesis quantification: the image showed the element considered in
the analysis of images to quantify angiogenesis output from angiogenic
assay. A,B,C indicate meshes, D,E branching points, the arrow point a tubulelike structure.
Statistics
Experiments were performed in triplicate. All graphical and tabulated data were
displayed as mean ± mean standard error.
Data analysis was performed using Excels (Microsoft Office) and the free software
Minitab 15. Significance tests were calculated using ANOVA tests were more than two
conditions were evaluated, and then the specific differences evaluated using post-hoc
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tests. When only two conditions were compared unpaired, two-tailed, Student’s t-Test
with unequal variance were used. Significance levels were set at * p < 0.05.
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CHAPTER 4
INDUCTION OF ANGIOGENESIS IN HUVECs 2D CULTURE USING HUMAN
PLACENTAL MATRIX
Background and Rational
As discussed in the background section, one of the main challenges of tissue
engineering research is to find a suitable method to induce angiogenesis in engineered
tissues, to provide cells with nutrients and oxygen. All the described approaches
evaluated to promote in vitro angiogenesis were based on the attempt to create an
environment surrounding cells able to mimic ECM proprieties. However, to date no one
of them succeeded to be translated into clinic, especially because of the use of nonhuman compounds. One of the clearest example comes from Matrigel, (named
GeltrexTM BMM by Invitrogen Inc) a complex protein mixture derived from EngelbrethHolm-Swarm mouse sarcoma. Due to its derivation, it could not be translated into clinic,
even if results in term of ECM mimic and of angiogenesis induction were satisfactory 8.
The derivation of an angiogenic extract using human-based materials represents
basic prerequisite to allow any clinical applications. Moreover, Placenta’s richness in
growth factors, cytokines and ECM components has attracted attention from the
research as a promising material for angiogenic assays. In light of these reasons, the
rational for the idea developed in our laboratory was built: the derivation of a proangiogenic extract, the human Placental Matrix (hPM) from the human placenta.
As described in the introduction, previous in vitro and in vivo studies performed in
our lab showed then even if the extract is able to induce and modulate the initial stages
of angiogenesis, after 5 days the newly formed capillary network starts degrading. The
lack of stability of newly formed capillary network and the research of suitable materials
to achieve a long lasting capillary network formation is a common challenge for all the
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approaches using growth factors delivery to induce angiogenesis. To improve these
results we suggested that a controlled delivery of hPM over time could be useful to
create a more stable and long lasting capillary network.
The first aim of this study was therefore to validate this hypothesis investigating
the response of HUVECs to hPM. First, an evaluation of the correlation between hPM
effect on HUVECs and its protein content was assessed. After that, a comparison of
HUVECs behavior when hPM was added at a single or at multiple time points was
performed. Finally, a comparison between angiogenic response of HUVECs when
seeded on hPM coating and when hPM was added in solution with angiogenic media
was evaluated. This last experiment aimed to bring preliminary results to better evaluate
the response expected in the 3D culture, since one of the main differences compared to
angiogenesis induced in 2D culture is represented by the different method with which
cells receive hPM.
Materials and Methods
Materials
HUVECs, pre-isolated from human umbilical veins and pre-cultured as previously
described in General Material and Methods, were detached from the flask using
Accutase and centrifuged at 1000 rpm for 5 minutes. The cell pellet was resuspended in
Angiogenic Media. This last was prepared adding 25 mL of glutamine, 0.5 mL of
hydrocortisone, 0.5 mL of ascorbic acid, 10 mL of FBS, 1.25 μL of VEGF, and 1.25 μL
of bFGF to 500 mL of VascuLife Basal Media. HUVECs were counted using a hemocytometer to be ready for the seeding.
hPM was derived from human placentas following the protocol described in
Chapter 3 and it was stored at -86 °C ready for use.
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Assessment of the correlation between hPM pro-angiogenic effect during time
and its protein content.
In light of the results obtained from the cytochine analysis, pro-angiogenic effect
of hPM is expected to be due to the different proteins content. As described in the
literature, proteins function depends upon their tertiary structure and it can be affected
by protein denaturation. One common procedure followed to denature proteins (for
example for SDS page analysis) is to heat them. When heated at 90-100 °C for 5
minutes, proteins can be completely denatured and linearized.
For our specific aim, to confirm a direct correlation between hPM effect and its
protein content, we evaluated the difference on HUVECs between hPM normally
thawed at room temperature and hPM heated at 90-100 °C to induce proteins
denaturation.
Two aliquots of hPM were thawed at room temperature. One of them was then
heated in a baker containing water at 100 °C. The temperature was maintained stable
on a hot plate and checked with a thermometer. After 5 minutes, the tube with hPM was
removed from the baker and was left to cool down at room temperature. 980 μL of hPM
(corresponding to 100 µL/cm2) were pipetted in each well of three 6 wells plates: 3
wells coated with hPM thawed at room temperature and 3 with the denatured one. The
plates were put on a shaker plate at 30 rpm for 1 minutes to allow hPM to coat on the
bottom of each well and then in a humidified 6% CO2 incubator at 37°C to warm up.
After that, HUVECs suspended in 1.9 mL of angiogenic media (corresponding to 200
μL/cm2) were seeded at a density of 8 x 104 cells/cm2 onto hPM in each well.
Plates were incubated for different periods of time: 1 day, 3 days, 5 days. Each
one was stained using Calcein AM, imaged with a fluorescence microscope and
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analyzed as described in Chapter 3.
Effect of multiple inoculations of hPM in a HUVECs culture.
190 μL (corresponding to 100 μL/cm2) of thawed human Placental Matrix were
pipetted and evenly coated onto the bottom of each well of a 24 wells plate using an
orbital shaker at 30 rpm for 1 minute. The plate was then incubated at 37°C for 30
minutes to allow the hPM to warm up.
HUVECs were suspended in Angiogenic media to get to the desired cells
density. 380 μL of cell suspension was pipetted on the top of the hPM and then the
same amount of Angiogenic Medium (corresponding to 200 μL/cm2) was added to each
prepared sample of the plate. To evaluate the influence of the cell density on the
angiogenic organization of HUVECs 12 wells were seeded with 20000 cells/cm 2 and 12
with 60000 cells/cm2. Three different 24 wells plates were prepared with the previous
procedure and placed in a humidified 6% CO2 incubator at 37°C. One 24 wells plate
was used as control: cells were directly seeded at the same densities used for the other
plates, without hPM coating, and Angiogenic media was replaced every two days. The
amount of hPM and Angiogenic media was optimized in our laboratory with previous
experiment to evaluate the activity of hPM and the changes of its behavior over time.
Cells seeded onto hPM coating received different profile of hPM inoculations: in one
plate hPM was added only on day 1 (day of seeding), in another on day 1 and 3 and in
the last one three on day 1,3 and 5.
All cells were cultured for 7 days and angiogenic media was replaced on day 3
and 5. All the plates were stained on day 7, imaged with a fluorescence microscope and
the images analyzed as described in Chapter 3.
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Effect of different modality of hPM delivery on HUVECs 2D culture
12 wells plates with six wells for each of the two condition evaluated were
seeded as following.
For the first condition, 380 μL of hPM (100 μL/cm2) was pipetted and evenly
coated on the bottom of each well on a shaker plate for 1 minute at 30 rpm, and then
heated in the incubator for 30 minutes. After that, cells at different densities (20000
cells/cm2, 40000 cells/cm2, 80000 cells/cm2) were pipetted onto the coated hPM
suspended in 760 μL of angiogenic media.
For the second condition, cells at the same densities were directed plated on
each well, and after that the same amount of hPM (380 μL) was added to the media.
Cells were stained after 3 days of culture, time points at which a more mature
capillary network is usually formed.
Results
Assessment of the correlation between hPM pro-angiogenic effect during time
and its protein content.
A significantly different effect in the behavior of HUVECs seeded onto the two
differently treated hPM could be registered as shown in Figure 4-1. Cells seeded onto
hPM thawed at room temperature appeared to organize in an angiogenic network.
Differently, cells seeded onto hPM heated at 90-100 °C showed only an initial attempt to
organize in angiogenic meshes, as suggested from empty spaces observed at day 1,
but then on day 3 and 5 they appeared to proliferate without organizing any mature
network.
Average length of the tubules, the number of meshes and the number of
branching points are summarized in Table 4-1 and graphically showed in Figure 4-2.
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Results from one way ANOVA analysis showed a statistically significant difference
between the different time points of tubule length (p-value<0.001), of number of meshes
per mm2 (p-value=0.003) and of number of branching points per mm2 (p-value =0.004).
Post-Hoc test analysis conducted with un-paired T test with Bonferroni correction
(significant p-value set as 0.016) showed a statistically significant difference between
tubule length of every time points (p-values < 0.001), number of meshes between day 1
and day 5 (p-value = 0.003) and number of branching points between day 1 and day 5
(p-values = 0.011).
Table 4-1 Parameters for angiogenesis quantification of HUVECs at different time
points from hPM inoculation
Parameters
Day 1
Day 3
Day 5
Average tubule
length (µm)

78.38 ± 2.89

183.10 ± 6.19

133.22 ± 4.75

Average number
of meshes per mm²

27.75 ± 2.80

19.12 ± 1.25

13.39 ± 2.22

61.52 ± 1.80

44.44 ± 5.60

32.76 ± 6.12

Average number
of branching points
per mm²

As shown in Figure 4-1, it was clearly detectable a maturation of the network
after 3 days from the seeding and an initial degradation at day 5, shown by the
decreasing in tubule length and by a reduced number of meshes.
HUVECs seeded onto hPM in which proteins denaturation was induced showed
two opposite behavior: in some areas cells proliferation stop and no alive cells could be
stained, whereas in other areas HUVECs proliferated without a modulation of the initial
steps of the angiogenic process. Only some empty spaces noticed at day 1 in HUVEC
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organization suggested the attempt of an organization in meshes but no defined
network formation was then observed.
Effect of multiple inoculations of hPM in a HUVECs culture
Angiogenic organization of HUVECs is affected by the number of inoculation of
hPM received and by the density of cells seeded onto it (as shown in Figure 4-3).
The average tubule length, number of meshes and of branching point for each
condition is summarized in Table 4-2 and graphically showed in Figure 4-4.
Table 4-2.Parameters evaluated for angiogenesis quantification of HUVECs inoculated
with different inoculations of hPM.
Cells density
(cells/cm²)

1 inoculation
(day 1)

2 inoculations
(day 1,3)

3 inoculations
(days 1,3,5)

20000

95.05 ± 3..20

152.73 ± 5.95

168.99 ± 7.28

60000

96.69 ± 3.13

184.46 ± 8.07

213.79 ± 8.70

Average number
of meshes per
mm²

20000

1.39 ± 0.11

2.41 ± 0.40

2.46 ± 0.15

60000

8.57 ± 1.52

5 ± 1.62

3.12 ± 0.53

Average number
of branching
points per mm²

20000

23.43 ± 4.61

17.58 ± 2.91

19.13 ± 1.69

60000

33.59 ± 4.07

21.90 ± 5.83

18.09 ± 2.39

Parameters

Average tubule
length (µm)

Results from one way ANOVA showed a statistically significant difference
between the three different conditions for tubule length (P-value<0.001). Post-Hoc
analysis conducted using unpaired T test with Bonferroni correction (significative pvalue set as 0.016) shown a statistically significant increase in tubule length from
HUVECs that received only 1 inoculation to HUVECs that received 2 or 3 (p-value
<0.001) for both cells densities. Cells seeded with a density of 60000 cells/cm2 showed
a significant increase in tubule length also between 2 and 3 inoculations (p-value =
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0.014). The number of meshes and branching points appeared to be significantly
different only for cells seeded with a density of 60000 cells/cm2 (p-value for meshes =
0.002; p-value for branching points = 0.028) and not for cells seeded at 20000 cells/cm 2
(p-value respectively 0.128 and 0.477). Post hoc tests for cells at 60000 cells/cm2 using
un-paired t-test with Bonferroni correction showed no significant decrease in the
average number of meshes and branching points between HUVEC which received only
1 inoculation of hPM and the ones which received multiple inoculations since p-values
were all higher than the p-value set as threshold (0.016).
Un-paired T-test performed between the parameters of cells seeded at different
densities showed a significant increase of tubule length from HUVECs with a seeding
density 20000 cells/cm2 to the ones seeded at 60000 cells/cm2 with 2 inoculations (pvalue = 0.002) and with 3 inoculations (p-value < 0.001). No statistically significant
difference was found in the number of meshes and branching points between different
cells seeding densities.
Effect of different modality of hPM delivery on HUVECs 2D culture
A faster response and a more mature network was formed by HUVECs seeded
onto hPM rather than when hPM was added in the media (Figure 4-5).
From a quantitative analysis of the micro capillary network, we could notice a
statistical difference between length of tubules in the two first conditions at all the
different cell densities. (p-values < 0.001). The number of branching points was
increased for all cell densities when hPM was inoculated while the number of meshes
appeared to decrease for cells seeded at 20000 and 40000 cells/cm2 and to increase
for cells seeded at 60000 cells/cm2. No statistically significant difference could be
detected, except for cells seeded with a cell density of 60000 cell/cm2 (p-value=0.015
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branching points; p-value=0.048 meshes).
Quantitative parameters are summarized in Table 4-3.
Table 4-3. Parameters for angiogenesis quantification of HUVECs comparing coated hPM
with inoculated hPM
Parameters

Delivering
method

20000 cells/cm²

40000 cells/cm² 60000 cells/cm²

hPL coated

241.78 ± 12.67

253.70 ± 19.46

274.83 ± 16.38

hPL inoculated

131.84 ± 8.01

170.77 ± 12.07

142.45 ± 7.86

hPL coated

11.95 ± 3.65

12.38 ± 5.83

18.09 ± 11.22

hPL inoculated

16.34 ± 1.12

12.69 ± 0.89

38.17 ± 5.76

hPL coated

2.96 ± 1.20

1.90 ± 0.44

5.87 ± 2.91

hPL inoculated

1.42 ± 0.22

1.26 ± 0.44

10.3 ± 1.12

Average tubule
length (µm)

Average number
of meshes per
mm²

Average number
of branching
points per mm²

Discussion
One of the main challenges of tissue engineering is to provide cells in the
engineered graft with nutrients and oxygen. Induce endothelial cells to organize in a
microvascular network when seeded in a 2D culture represents the starting point
required to achieve the desired effect in a 3D culture.
Up to date no successful strategies has been optimized, therefore the proangiogenic effect of human Placental Matrix was shown to represent a really promising
alternative to animal derived pro-angiogenic materials.
Several strategies evaluated from different research groups are based on the use
of direct or sustained delivery of angiogenic growth factor to induce the formation of a
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capillary network. Recently one of the most promising future directions purposed to
reach the realization of a stable capillary network was the development of a system able
to deliver a combination of different growth factor in order to recreate the complex
physiological mixture cells usually undergo in vivo.
Human Placental Matrix effect was therefore hypothesized to be due to its
heterogeneous composition and to a combined effect of different angiogenic factors.
The first experiment here described aimed to confirm this hypothesis, knowing that if its
effect is due to a combination of proteins, after their denaturation the effect derived from
their function should be affected. The result of the performed experiment confirmed that
inducing denaturation in the protein mixture using heat, changes dramatically the
response of HUVECs inoculated with hPM. This suggested the idea that the main
strength of the extract is due to the combination of proteins contained.
The evaluation of changes in the network at different time points after the
seeding onto hPM confirmed what was enhanced in previous studies. The dynamic of
the angiogenic network formation is characterized by a rapid organization in a capillarylike structure after 24 hours, a maturation of the network in 3 days and a regression of
the stability of the structure after 5 days from the first application of hPM (see Figure 41). As described in the background section, different mechanisms can bring to the
formation of capillary like structure, depending upon the environment, the concentration
of growth factor, the density of cells.
In the second experiment, the influence of a different cell seeding density and of
a different concentration of hPM over time was evaluated. Cells density was shown to
affect in particular the initial phase of network formation: as shown in Figure 4-3, initial
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stages are characterized by a sprouting angiogenesis when a lower cells density is
used and by an intussusceptive angiogenesis with a higher density. This is confirmed
from the significantly higher number of meshes which could be counted with a density of
60000 cells/cm2 (Figure 4-3) and of 80000 cells/cm2 (Figure 4-1) respect to a cell
density of 20000 cells/cm2 (Figure 4-3). The evaluation of the effect of multiple
inoculation of hPM on the stability of the newly formed network confirmed that multiple
inoculations of hPM at discrete time points (day 1, 3, and 5) could bring to a more
mature network formation. In particular, tubules length was significantly increased in cell
culture which received hPM at multiple time points compared to the ones which
received of hPM only once, the number of meshes was reduced and they appeared
wider and finally less branching points could be counted because of the increased
maturity of the network.
These findings suggested that a suitable controlled release of hPM could
represent the solution to improve the stability of the newly formed capillary-like HUVECs
network.
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Figure 4-1. Assessment of the correlation between hPM effect and its protein content:
Cell morphologies of microvessel tubules formed by HUVECs seeded onto
hPM and cultured for different periods of time days compared with HUVECS
seeded onto denatured hPM . From top to bottom: A,C and E represent
HUVECs response to denatured hPM respectively at days 1,3,5; B,D and F
represent HUVEC response when seeded onto hPM. Cell seeded 8 x 10 4
cells/cm2.
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Figure 4-2. Morphological and topographic features of angiogenic network formed on
hPM by HUVECs seeded at 8 x 104 cells/cm2. From top: average tubule
length, average number of meshes and of branching points per mm2 formed
by HUVECs incubated for different period of time (1,3,5 days). Symbols on
the top of columns indicate a statistical difference between the two groups
determined performing ANOVA experiment followed by a double tailed t-test
with unequal variance corrected with Bonferroni correction.
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Figure 4-3. Effect of multiple inoculation of hPM on different densities of HUVECs: Cell
morphologies of microvessel tubules formed by HUVECs seeded onto hPM
and cultured for 7 days compared with HUVECS seeded onto a tissue culture
plate, shown as a control. From top to bottom: Figure A and B controls; Figure
C and D only one inoculation of hPM on day 1, Figure E and F two
inoculations on day 1 and 3 and Figure G and H three inoculations on day 1,3
and 5. From left to right: Figures A,C,E and G cell density of 20000 cells/cm2
and Figures B,D,F and H cell density of 60000 cells/cm2.
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Figure 4-4. Morphological and topographic features of angiogenic network formed on
hPM by HUVECs which received 1,2 or 3 inoculation. From top to bottom:
average tubule length, average number of BPs and of meshes for mm2
formed by HUVECs of PE (A,B and C respectively). Asterisks indicates a
statistical difference between the two groups determined performing ANOVA
experiment followed by a double tailed t-test with unequal variance corrected
with Bonferroni correction. Average tubule length, number of BPs and of
meshes were assessed after 7 days of culture.
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Figure 4-5. Effect of different hPL delivery methods: evaluation of the difference
between HUVECs response to hPM coated (A,B,C) and hPM added in
solution with media (D,E,F).
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CHAPTER 5
DEVELOPMENT OF A HETEROGENEOUS PROTEIN MIXTURE ENCAPSULATION
METHOD USING PLGA MICROPARTICLES
Background and Rational
As hypothesized in the discussion of Chapter 4, a controlled release method
suitable for protein encapsulation could represent a solution to achieve a slow release
of hPM and to obtain a more stable and long lasting capillary network. Differently from
drug encapsulation, protein encapsulation represents a challenging procedure since it
requires specific attention to maintain the specific activity of the protein is strongly
affected by its folding which must be protected during particles preparation.
As described in Chapter 2, several studies have investigated the use of
microparticles to encapsulate growth factors to induce angiogenesis. In particular, PLAcopolymers represent the most used materials allowing a controlled protein release over
weeks and even month. Moreover, the release profile can be optimized changing
morphological parameters such as size, protein encapsulated, and composition of the
polymer. PLGA represents one of the most investigated among those materials:
microparticles of a size ranging from 5 to 120 µm have been widely used for tissue
engineering applications, obtaining controlled release over a month.
To date no studies have been performed trying to encapsulate such a complex
protein mixture as the human Placental Matrix, and this represents one of the main
novelties of this study. Possible issues related to the encapsulation of protein with
different charges and properties have been investigated: interactions between different
proteins and between proteins and polymers could prevent the complete release of the
proteins from the microparticles or affect size and loading efficiency of microparticles94.
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Our aim is to optimize a protocol to obtain microparticles of an average size
lower than 100 µm, with a loading efficiency higher than 60% and to obtain a release
rate characterized by an initial burst lower than the 30% and a controlled release over
one month. This results would represent the desired features described in the literature
as compatible with microparticles use in 3D cells cultures

77.Considering

all this desired

properties, starting from a protocol suitable for a single model protein encapsulation
(BSA) an optimization process was performed, modifying specific steps of the protocol
after a careful analysis of each described parameters.
Material and Methods
Materials
Polyvinil alcohol (molecular wt 30000-70000, 87-90% hydrolyzed, Sigma P8136),
BSA (Sigma A9647), Poly(DL-lactide-co-glycolide) ( Lactel, absorbable polymers,
product number B6010-4), Chloroform, human Placental Matrix (see General Material
and Methods for derivation protocol).
Preparation of hPM-loaded PLGA Microparticles
PLGA microparticles were prepared using a water in oil in water emulsion. The
first water solution (W1) was represented by the protein mixture, hPM, prepared
according to the protocol optimized in our laboratory. The second water solution (W2)
was prepared by dissolving 2g of polyvinyl alcohol in 100mL of DI water. The oil solution
(O) was obtained by dissolving 90 mg of PLGA in 3 mL of Chloroform until the solution
appeared clear. W1 was added to O and homogenized at 2 x 104 rpm for 1 minute.
Using a micropipette, the obtained primary emulsion was added dropwise in W2 while
stirring at 300 rpm. When all the primary emulsion was added, the resulting secondary
emulsion was covered loosely with an aluminum foil and left to stir (300 rpm) overnight
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in a fume hood to let the solvent evaporate. The day after, the secondary emulsion was
centrifuged at 1000 rpm for 10 minutes, the supernatant removed and the microparticles
were washed two more times with DI water. After that, hardened microparticles were
suspended in DI water, freeze-dried for 48 hours and then stored at 4C until needed.
Protocol Optimization
The heterogeneous nature of hPM represents a challenging element to get to
PLGA microparticles with the desired features. Starting from the comparison between
PLGA microparticles loaded with a single model protein (BSA) and PLGA microparticles
hPM-loaded using the protocol previously described, we proceeded with an evaluation
of the variables that could be modified in order to obtain the desired results.
Modifications of the original protocol during the optimization process are following
described.
a. BSA co-encapsulation (PROTOCOL 2)
Firstly, a modification of the water protein phase was evaluated, to assess the
effect of BSA co-encapsulation on size and release. 3 mg of BSA were dissolved
directly in 1 mL of hPM, while preparing the protein solution.
b. Modification in the homogenization of the primary emulsion (PROTOCOL 3)
The second modification was related to the duration of primary emulsion
homogenization.Since different studies in the literature had addressed to the duration of
the homogenization steps as important to modify the size of microparticles 94, we
modified this phase from one to two minutes.
c. Secondary emulsion homogenization (PROTOCOL 4)
One of the main differences between micro and nanoparticles preparation
protocols is represented by the presence of a second homogenization phase after the
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secondary emulsion has been created. This suggested that introducing a further
homogenization phase in the protocol could reduce the size of the microparticles.
Therefore, the protocol was modified adding an homogenization of the secondary
emulsion at 2 x 104 rpm for 1 minute.
d. Modification on the homogenization of the secondary emulsion (PROTOCOL 5)
The last modification of homogenization timing was related to the modification of
the secondary emulsion homogenization duration. Respect to protocol 4, the only
difference was the decreasing of the duration from 1 minute to 20 seconds.
Before proceeding in the optimization process, microparticles morphological
feature and the associated release rate after every modification were evaluated and
compared with the desired results.
PLGA microparticles features characterization: size and surface evaluation
Morphological features of PLGA microparticles were evaluated using different
microscopy techniques.
Microparticles size was estimated through image analysis, using a color digital
camera attached to an optical microscope (Leica DM IL LED, Leica Mycrosystems Inc.,
IL, USA). The acquired images were saved as TIFF files and analyzed using the free
software ImageJ 1.45s. After setting the scale (Analyze -> Set Scale), microparticles
diameter was determined by drawing a line along each particle. Measurements were
automatically calculated by the software (Analyze -> Measure) and saved in a “Results”
sheet.
Surface morphology and porosity of the microparticles were characterized using
a Scanning Electronic Microscope (S-4000 FE-SEM, Hitachi High Technologies, TX,
USA). Freeze dried microspheres were mounted onto aluminum stub using double79

sided graphite tape and then sputter coated with a thin layer of gold and palladium using
a scatter (deskV, Denton Vacuum) before examination. Coated samples were then
examined under the microscope at an acceleration voltage of 10 kV and photographed
using a lower magnification to evaluate dimension and shape of microparticles and
using a higher one to evaluate the change in porosity and morphology features while
proceeding with the optimization protocol.
Loading efficiency
Loading efficiency of hPM in PLGA microparticles was analyzed comparing two
different methods.
The first one consists in the direct measurement of proteins encapsulated after
microparticles dissolution. The protocol used was an hydrolysis technique described in
several studies using PLGA microparticles 108, 73. Briefly, 15 mg of lyophilized
microspheres were digested with 5 mL of 0.1 M NaOH containing 5% w/v SDS and
hydrolyzed on a shaker for 15 h at ambient temperature until a clear solution was
obtained. Sodium hydroxide catalyzes the hydrolysis of the polymer and SDS ensures
the complete solubilization of the protein during the polymer hydrolysis. The resulting
clear solution was then neutralized to pH 7 by addition of 1 M HCl and centrifuged at
5000 rpm for 10 min. Protein concentration in the supernatant was then analyzed in
triplicate for each protocol using Spectrophotometer, with a BCA standard Pierce
protein assay.
The second method was represented by an indirect measurement of
microparticles protein encapsulated by quantifying the amount of protein left in the
supernatant, not encapsulated during the process. Since the concentration of proteins
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to be detected was really low, a micro BCA Pierce protein assay was preferred, since
the standard assay could not detect a protein concentration under 25 µg/mL.
The encapsulation efficiency was expressed as the ratio of encapsulated protein
to proteins added during microparticles preparation.
In vitro protein release from hPM-loaded PLGA microparticles
For this purpose, 10 mg of hPM-loaded-microparticles were suspended in 1 mL
of Phospate Buffer Saline (PBS). Three samples were evaluated for each protocol.
Suspended microparticles were incubated at 37 °C in a shaker-incubator to avoid the
microparticles to sink onto the bottom of the tube. Every two days the tubes were
centrifuged at 5000 rpm for 5 minutes. The supernatant was collected and restored with
the same amount of fresh PBS.
The period for in vitro release rate evaluation was fixed at 21 days, as a starting
point to evaluate hPM release over a period compatible with cell culture.
Protein concentration was quantified by measuring the absorbance at 562 nm
with a BioTek microplate reader, using a protein assay (Micro BCA Protein Assay Kit Pierce). 150 μL of release buffer was loaded in wells of a 96-well plate. Protein
concentrations were compared to freshly prepared standards ranging from 200 to 0.5
µg/mL. The linear working range of the assay was 1-200 µg/mL and the detection limit
0.1 µg/mL. Average absorbance of standard PBS was subtracted from all
measurements. The amount of proteins in each sample was summed with the amount
at each previous time point to build a cumulative release curve.
These results were integrated with results from the encapsulation efficiency to
obtain a percentage cumulative release.
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Sodium Dodecyl Sulfate - Polyacrylamide gel electrophoresis (SDS-PAGE)
Since hPM represents a complex protein mixture, which includes growth factors
characterized by various charges and properties, we were interested in understanding if
the different properties of the proteins contained in the extract could affect the
encapsulation process. A Sodium Dodecyl Sulfate - Polyacrylamide gel electrophoresis
(SDS page) analysis was performed on the supernatant collected after the overnight
stirring. Four different solution were analyzed: the first and the second one prepared
dissolving respectively BSA and hPM in PVA with the same concentration used during
miroparticles preparation. 10 mg of BSA were diluted in 50 mL of DI water to prepare
the first solution while 100 μL of hPM were diluted in 5 mL of DI water to prepare the
second one. The third and the forth solutions were represented by the supernatant
removed while collecting respectively BSA-loaded and hPM-loaded microparticles.
Protein standards where used to compare molecular weight of the detected proteins.
SDS-page was performed using BIO-RAD electrophoresis system. Firstly,
running buffer was prepared diluting 100 mL of 10x running buffer stock with 900 mL of
DI water. Samples were prepared mixing 40 μL the diluted sample, 38 μL of 2x
Laemm0li sample buffer and 2 μL of β-mercaptoethanol, and then heated at 90-100 °C
for 5 minutes. After that a Mini-PROTEAN® TGX™ Precast Gels (Life science research
- Bio-Rad) was prepared and the electrophoresis cell was assembled. The inner buffer
chamber was filled with 200 mL of 1x running buffer and the outer buffer chambers with
550 mL. 40 μL of samples were carefully loaded in each well using a fine pipette tip.
When the gel was loaded with all the samples, the power supply was connected and
electrophoresis was performed with a fixed voltage of 200 V until the colored band
reached the bottom line of the precast gel.
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After electrophoresis was complete, the power supply was turned off and the
electrical leads disconnected. The gel cassettes was popped up, the gel was removed
by floating it off the plate into water and then stained with Coomassie Blue for one hour
under continuous shaking. Gel destaining was performed using a 4:1:5 Methanol: Acetic
Acid: DI water solution. Final gel was washed in DI water and then phptographed.
Results
Preparation of hPM-loaded PLGA Microparticles
PLGA microparticles resulting from the initial protocol for hPM encapsulation
(Figure 5-1) showed an average size of 447 ± 32 µm and a normal distribution of sizes
from 100 to 1000 µm. The loading efficiency of hPM-loaded PLGA microparticles
quantified with an indirect method was 62 ± 4% and with the direct method was 64 ±
4%. From an in vitro release analysis a low initial burst was released, corresponding to
10% of the total amount of protein encapsulated, (21.38 ± 0.83 µg/mL), and the 51.23 ±
14.07% (134.56 ± 36.96 µg/mL) of the protein initially encapsulated was released from
PLGA microparticles after 21 days.
The release rate profile appeared to be linear through the period evaluated, but
the concentration released at the end of the evaluated period was really lower
compared with the concentration optimized to induce angiogenesis with inoculation of
pure hPM.
Control PLGA microparticles prepared with the same protocol but loaded with a
single model protein (BSA) showed an average size of 239.60 ± 9.45 µm and a normal
distribution of sizes from 50 to 400 µm, with the 70% of microparticles in the range
between 150 and 350 µm. The loading efficiency of BSA loaded PLGA microparticles
quantified with an indirect method was 72 ± 5% and with the direct method 76 ± 3 %.
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From an in vitro release analysis a higher initial burst compared to hPM-loaded
microparticles was released, corresponding to 20% of the total amount of BSA
encapsulated, ( 51.52 ± 1.76 µg/mL), and the 66.7 ± 9.55 % ( 166.74 ± 23.8 µg/mL) of
the protein initially encapsulated was released from PLGA microparticles after 21 days.
The release rate profile appeared to be linear and similar to hPM ones in the period
evaluated.
The different results observed between hPM and BSA loaded (see Figure 5-1,13
and 14) PLGA microparticles suggested that an optimization process was required.
Protocol Optimization
a. BSA co-encapsulation (PROTOCOL 2)
Since BSA-loaded microparticles prepared with the same protocol showed a
statistically significant smaller average diameter (p-value<0.001) then hPM-loaded
ones, the first attempt to reduce the size of microparticles was to change the
composition of the protein solution adding BSA as an emulsifier (PROTOCOL 2).
Results from the size quantification (Figure 5-2) showed a significantly smaller average
diameter for the microparticles encapsulating both hPM and BSA. Average diameter
was 250.83 ± 12.68 µm. One way ANOVA performed between sizes of hPM, BSA and
hPM+BSA loaded microparticles showed a statistically significant p-value (p<0.0001),
and post hoc tests showed a statistical significant difference between PLGA
microparticles hPM-loaded and BSA loaded, and between the one hPM+BSA loaded
and hPM-loaded. No significant difference was assessed between BSA loaded and
hPM+BSA loaded. From an in vitro release analysis (Figure 5-3) a higher initial burst
compared to hPM-loaded microparticles was released, corresponding to 17 ± 2.24% of
the total amount of BSA encapsulated, (67.11 ± 8.80 µg/mL), and the 98.93 ± 23.43%
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(388.81 ± 92.02 µg/mL) of the protein initially encapsulated was released from PLGA
microparticles after 21 days. In vitro release profile appeared to follow a different trend
from release profile of hPM and BSA loaded microparticles. Loading efficiency resulted
equal to 55 ± 2% and 53 ± 4% respectively for the direct and indirect method (Figure 53).
SEM analysis confirmed the average size resulting from the optical microscopy.
The porosity appeared to be uniform and the shape of the microparticles appeared to be
disc shaped (see Figure 5-6).
Despite the significant decreasing in sizes, the resulting microparticles were still
bigger than the range usually suitable for tissue engineering application and the
completely different trend of release suggested us to pursue the optimization process
with an optimization of the emulsification steps, in term of duration, without affecting
hPM composition.
b. Modification of the primary emulsion homogenization (PROTOCOL 3)
Results from the modification of primary emulsion homogenization showed
microparticles with a significantly smaller size, with an average diameter of 276.78 ±
13.41 µm (Figure 5-4).
The initial burst registered in the in vitro release evaluation was not significantly
different from the original protocol: from the 8.14 ± 0.31 % of protocol 1 (21.38 ± 0.83
µg/mL) it became 6.42 ± 2.07 % in protocol 3 (18.88 ± 6.11 µg/mL). Differently the
cumulative release after 21 days increased significantly from 51.23 % to 64.09 ± 24.87
% (188.43 ± 73.13 µg/mL). Loading efficiency was shown to increase to 68 ± 6% and
73 ± 4% for the indirect and direct methods respectively. Results of in vitro release and
loading efficiency summarized in Figure 5-5.
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SEM results showed uniform porosity and a spherical shape (Figure 5-6).
c. Secondary emulsion homogenization (PROTOCOL 4)
Results obtained introducing one minute of homogenization of the secondary
emulsion produced microparticles with an average size of 37.79 ± 1.30 µm (Figure 5-4).
A significant increase both in burst release and in percentage release after 21
days could be noticed, associated with the significant reduction in size: the 23.75 ± 0.40
% of the total protein encapsulated (60.82 ± 1.03 µg/mL) was released within the first
day, while 98.62 ± 27.98 % (252.48 ± 71.64 µg/mL) during 21 days. Loading efficiency
to decrease to 60 ± 5% and 63 ± 3% for indirect and direct method respectively. Results
of in vitro release and loading efficiency summarized in Figure 5-5.
SEM results showed a surface with uniform porosity and a spherical shape
(Figure 5-6). In some images, fragments of incomplete microparticles could be noticed.
d. Modification of the secondary emulsion homogenization (PROTOCOL 5)
Reducing the homogenization time of the secondary emulsion to 20 seconds
resulted in microparticles with an average size of 91.85 ± 2.92 µm, ranging from 5 to
200 µm, with the 70% between 20 and 100 µm (Figure 5-4).
27.72 ± 3.73 % (106.33 ± 14.33 µg/mL) of the protein encapsulated were
released during the first 24 hours,and then a controlled release with a linear trend could
be registered with the 87.60 ± 14.02 % (335.98 ± 53.77 µg/mL) of all the protein
encapsulated released after 21 days. Further analyses over a longer period of time
were performed to compare protocol P4 and P5. After 30 days, microparticles from
protocol 4 appeared to be completely degraded and to have released all the amount of
proteins encapsulated, while microparticles from protocol 5 released the 93.12 ± 14.32
% (357 ± 54.95 µg/mL) of the total proteins encapsulated. The encapsulation efficiency
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was the highest obtained, 70 ± 8 % and 79 ± 9 % for the indirect and direct methods
respectively. Results of in vitro release and loading efficiency summarized in Figure 5-5.
SEM results showed a uniform porosity and a spherical shape (Figure 5-6).
Sodium Dodecyl Sulfate – Polyacrylamide gel Electrophoresis (SDS-PAGE)
Results from SDS page (Figure 5-7) showed a uniform encapsulation of hPM in
PLGA microparticles, without a selective encapsulation for specific type of proteins. The
analysis on the supernatant collected from hPM-loaded microparticles showed a similar
protein content than the solution of pure hPM but with lower concentration. A similar
result could be observed for the analysis of supernatant collected from BSA loaded
microparticles, used as a control.
The broad number of band detected in hPM electrophoresis analysis confirmed
what previously assessed in our laboratory during hPM characterization.
Discussion
Several studies addressed PLGA as a suitable material to obtain a controlled
delivery of growth factors for tissue engineering applications. In this study, we used a
water in oil in water technique to encapsulate the pro-angiogenic mixture in PLGA
microparticles. The final aim was to obtain a controlled and sustained release of hPM
over a long period of time, to stabilize HUVEC response while creating a capillary like
structure.
The first element enhanced in this study was the influence of the protein mixture
composition on microparticles’ morphologic features. Starting from a protocol suitable
for a single protein (BSA) encapsulation, resulting hPM-loaded microparticles showed
an average size significantly bigger than BSA loaded ones. (p-value < 0.001). This
suggested that the reason could be due to the different interaction the proteins
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contained in the protein mixture were able to create with the polymer, differently from
BSA. Bovine Serum Albumin is a protein which has been used widely in several
different microparticles protocol both as model protein to evaluate the feasibility of the
encapsulation process and as an emulsifier agent to stabilize the first water in oil
emulsion when a single protein had to be encapsulated 109.
Co-encapsulation of BSA with hPM was evaluated to reduce the size and
increase the loading efficiency. Despite the significant reduction of the size,
microparticles size was still bigger than the desired range and present a trend different
from other protocols. Because of the difficulties in understanding the complex
interactions between BSA and hPM proteins and of the different release kinetics, the
optimization process was continued without affecting the composition of the protein
mixture.
Literature findings show that both the speed and the duration of the
homogenizing phase strongly affect the size of the microparticles92 94.One of the main
differences between microparticles and nanoparticles production protocol is a different
modality to obtain a higher homogenization of the primary and of the secondary
emulsion. Homogenization of the secondary emulsion turned out to represent the key
point to be modified in the process in order to get to hPM-loaded microparticles’ size in
the desired range. Despite microparticles from protocol 4 possessed all the desired
characteristics to represent the optimized controlled release method for our aims, the
loading efficiency was significantly reduced. Encapsulation efficiency measurement
were repeated three times to assess the reliability of results. A reduction in the duration
of the timing of the homogenization phase of the secondary emulsion produced
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microparticles slightly bigger but in the range suitable for tissue engineering
applications, and the encapsulation increased up to 78% of the total amount of proteins
loaded in the protein solution.
The encapsulation efficiency did not appear to be correlated linearly with the size
of the microparticles, but a too long homogenization of the secondary emulsion
appeared to affect the loading efficiency, presumably due to the formation of
fragmented incomplete particles.
On the opposite, results in term of in vitro release rate evaluation of the different
batches obtained with the different protocols during the optimization process were
strongly correlated to the size (Figure 5-5), in agreement with literature findings 95 72
Results from a comparison between the release kinetic of the different protocols
obtained with a modification of the homogenization steps showed an overall similar
trend, except for some differences. In protocol 4, mostly due to the lower encapsulation
efficiency, the release was faster and characterized by a saturation in the release profile
from day 17 on. In protocol 3, a particular trend was registered, with a flat rate around
day 7: possible reasons to explain this could be related to a particular interaction
between proteins and polymer at the specific order of magnitude which characterize the
protocol, or to specific degradation kinematic of PLGA. A deeper understanding of this
mechanisms would help to understand the release dynamics94.
Microparticles from the optimized protocol showed a linear release, characterized
by a profile similar to protocol 1 but with higher protein release controlled over 30 days,
smaller dimension (< 100 µm) and higher efficiency (> 60 %). Results from SDS page,
evaluated only for the final protocol, showed a homogeneous not selective
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encapsulation of the protein mixture, suggesting that the protein composition of hPM
was not affected during the encapsulation process.
All these features, suggested the use of these optimized controlled release
method to develop an Alginate based angiogenic assay to assess HUVECs response to
the controlled release of hPM over an extended period of time.

Figure 5-1. Results from original protocol hPM encapsulation. From the top left: Optical
Microscope image of hPM-loaded MPs; size distribution; Release rate profile
over 21 days. Results from the encapsulation process (in the table) showed a
fair encapsulation efficiency, a slow controlled release and a size which
appears to be bigger than the commonly used particles for growth factors
delivery,
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Figure 5-2. Effect of BSA co-encapsulation on PLGA microparticles size. From top:
histogram comparing average diameter size of BSA loaded, hPM-loaded and
BSA+hPM-loaded microparticles; Optical images of microparticles from left
BSA, hPM, BSA + hPM-loaded. Scale bars 500 µm.
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Figure 5-3. Effect of BSA co-encapsulation on PLGA microparticles release: the release
from hPM-loaded, BSA loaded and hPM + BSA loaded microparticles was
evaluated. From the top: Comparison between percentual cumulative release
over 21 days, loading efficiency as ratio between (mg of proteins
encapsulated)/ (mg of proteins in hPM + 2 mg of BSA)
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Figure 5-4. Microparticles size evaluation. From the top to bottom on the left optical
images and on the right the correspondent histogram of size distribution for all
the different protocol during the optimization process.
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Figure 5-5. Release rate evaluation: the curves represented in the graphs represent the
cumulative release rate up to 21 days for all the protocol during the
optimization process; to assess the protein release 10 mg of microparticles
were incubated in 1 mL of PBS, and the supernatant was collected and
analyzed using a Pierce BSA protein assay kit. Every collection was
conducted triplicate. From the top: cumulative release of microparticles in µg,
percentual cumulative release, loading efficiency both measured with an
indirect method (measuring protein non encapsulated in the supernatant after
microparticles collection) and dissolving microparticles in an NaOH SDS page
solution.
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Figure 5-6. SEM characterization. Scanning Electronic Microscope imaging of PLGA
microparticles loaded with hPM for every protocol through the optimization
process. From top to bottom SEM evaluation of all the protocol through the
optimization process, on the lieft microparticle aspect and shape evaluation
(A, C, E, G) on the right surface porosity evaluation with a higher
magnification (B, D, F, H).
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Figure 5-7. SDS page analysis of microparticles supernatant: photograph of gel after
staining showing qualitative protein content in supernatant of BSA-loaded and
hPM-loaded microparticles and of the relative initial content loaded during
microparticles preparation. A uniform encapsulation seems to be suggested
for hPM, even if the low concentration of proteins in the supernatant prevent a
clear detection of protein which had a lower concentration even in the initial
mixture.
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CHAPTER 6
DEVELOPMENT OF AN ANGIOGENIC ASSAY USING ALGINATE HYDROGEL AND
HPM-LOADED PLGA MICROPARTICLES
Background and Rational

As discussed in Chapter 2, in vitro angiogenic assays represent the fastest
and cheapest way to evaluate and quantify angiogenic organization of
endothelial cells. A three-dimensional space could represent a useful method to
mimic the physiological environment in which cells usually perform their
functions.
In Chapter 5, a suitable technique for hPM encapsulation was optimized. In
the light of this achievement, the aim of the experiments here described was to
show that the controlled delivery of the pro-angiogenic mixture from PLGA
microparticles could prevent the degradation of the capillary network and
stabilize the formation of a more mature angiogenic structure.
Alginate has been evaluated as a material able to sustain endothelial cells
organization in an angiogenic network and therefore suitable as a matrix for in
vitro angiogenesis assay76,101. An alginate-based hydrogel was selected for these
experiments, to realize a time and cost effective test.
Different methods to encapsulate cells in an Alginate based matrix has been
described in the literature: beads preparation with controlled release methods
encapsulated, preparation of a homogeneous matrix before cell seeding, formation of a
matrix with cells suspended 99, 110. The first aim was therefore to optimize all the

parameters necessary to create the best 3D culture to allow a long term viability
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of cells. The second aim was to combine the effect of a 3D matrix and of the
controlled delivery of hPM from PLGA microparticles to evaluate the effect on the
network stability.
Materials and Methods
Materials
HUVECs were isolated as described in Chapter 3. They were detached from the
flask using Accutase, suspended in angiogenic media and finally counted with a
hemocytometer to obtain the density required for the different experiments. Angiogenic
media was obtained by adding the following supplements to 500 mL of VascuLife Basal
Media: 25 mL of glutamine, 0.5 mL of hydrocortisone, 0.5 mL of ascorbic acid, 10 mL of
FBS, 1.25 μL of VEGF, and 1.25 μL of bFGF.
Human Placental Matrix was prepared following protocol described in Chapter 3.
PLGA microparticles hPM loaded were prepared following protocol 5. Materials
used to prepare the 3D matrix were Sodium Alginate (Sigma-Aldrich) and Calcium
Chloride (Fisher Scientific).
Optimization of 3D culture parameters
An optimization of the parameters required to obtain a suitable matrix for cells
viability was performed. Different Alginate concentrations (0.5%, 1%, and 1.5%) and
Calcium Chloride concentrations (0.025 M, 0.054 M, 0.128 M) were compared to
evaluate the effect on matrix properties. Different thicknesses of the substrate and
different composition of the solutions were evaluated to assess the behavior of cells
cultured for 10 days in Alginate gel. Finally, different protocols to prepare the Alginate
hydrogel were evaluated.
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Sodium alginate solutions were sterilized using filtration method, to avoid the
inevitable enhancement of polymer breakdown caused by heating 111. Calcium Chloride
solutions was autoclaved.
In a 12 wells plate 3 different conditions were compared, four wells for each
condition.
For the first condition 800 μL of Sodium Alginate solution was pipetted in each
well and then 800 μL of Calcium Chloride was carefully pipetted on the top of the
previous layer, paying attention to distribute it homogeneously to avoid differences in
matrix thickness and features. The plate was left still for 10 minutes to allow
polymerization of the gel, and then HUVECs suspended in Angiogenic media were
pipetted on the top of the matrix at a density of 60000 cells/cm 2.
For the second condition, HUVECs were suspended in Alginate solution, slowly
mixed with a pipette to create a homogeneous mixture. After that 800 μL of solution was
pipetted in each well, 800 μL of Calcium Chloride was carefully pipetted on top of cells
suspension and the plate left still for 15 minutes to allow polymerization.
For the last condition, Alginate beads were realized. 2 mL of Calcium Chloride
was pipetted in each well and HUVECs were suspended in Alginate solution. This
suspension was dropped using a pipette from 10 cm above the plate and then the plate
was left still for 15 minutes to allow the formation of the beads.
For both the last two conditions, after polymerization, exceeding Calcium
Chloride was removed, hydrogel washed twice with PBS and 760 ul of angiogenic
media was added (200 ul/cm2).
Two plates were prepared under the same conditions. They were stained with
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Calcein AM at two different time points (5 and 10 days) to evaluate the distribution and
the viability of cells in the matrix.
Angiogenic assay: Alginate hydrogel based 3D culture of HUVECs
Three different conditions were compared: a control group with HUVECs
embedded in Alginate matrix, a group with HUVECs embedded in Alginate matrix with
pure hPM mixed to the solution, and a group where HUVECs were suspended in
Alginate matrix with hPM-loaded MPs embedded. 12 wells plate were used for every
condition.
For the control group HUVECs cells were suspended in 2.6 mL of media and
then slowly mixed to 7 mL of Alginate 1.5 %.
For pure hPM-loaded matrix, 3 mL of hPM was slowly mixed to 6 mL of Alginate
1.5 % and finally cells were suspended with 1 mL of media were slowly added and
mixed to the suspension.
For the angiogenic assay with hPM-loaded microparticles embedded in the
Alginate matrix 72 mg of microparticles (6 mg per well) were suspended in 4 mL of PBS.
MPs suspended were added to 6 mL of Alginate 1.5 % solution and mixed to get to a
homogeneous compound. HUVECs were suspended in 1 mL of Angiogenic media and
then gently mixed to the alginate + MPs suspension.
For all the three conditions, 800 μL of alginate solution with the previously
described compositions were pipetted in each well, 800 μL of Calcium Chloride were
carefully pipetted on top and then the plate was left 15 minutes still to allow
polymerization of the hydrogel. After polymerization occurred, 760 μL of angiogenic
media was added to each plate, and they were put at 37°C in a humidified 6% CO2
incubator.
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Two different investigations were performed. One to evaluate the long term effect
of MPs compared with the long term effect of pure hPM, staining one plate for each
condition at day 7, 14 and 21 with Calcein AM. Another analysis aimed to evaluate a
comparison of the response of HUVECs during time to pure and controlled release
hPM. Six wells for each condition were stained on day 2,4,6,8 and 10.
The spatial organization of the HUVECs in capillary-like network was evaluated
quantifying morphological and topological parameters as described in Chapter 3.
Results
Optimization of 3D culture parameters
Different conclusions were derived from evaluation of different combinations of
Alginate and Calcium Chloride concentrations. 0.5% Alginate was not suitable to
suspend cells, because they tended to sink and attached to the bottom of the well while
polymerizing was taking place. 2% Alginate solution, on the opposite, produced a thick
matrix where cells showed a lower level of viability after 10 days (results not shown).
1.5 % Alginate produced best results in term of viability and cell distribution.
Between the different concentrations of Calcium Chloride the highest (0.128 M)
showed to produce too compact and thick matrixes, while the lowest (0.025 M)
increased the time needed to allow polymerization, affecting cells viability. 0.054 M
Calcium Chloride gave best results
DI water and PBS were compared to evaluate differences in cells viability: after
10 days cells plated with Alginate solution prepared with water did not show a high
viability while cells plated under the same conditions with Alginate solution prepared
with PBS showed a higher percentage of viability.
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Thus, Alginate 1.5% prepared with PBS and Calcium Chloride 0.054M were used
to optimize the protocol for 3D culture realization (Figure 6-1). HUVECs plated on the
top shown a low degree of migration in the matrix. They appeared to adhere to the
upper surface, with a behavior comparable with a 2D culture.
The protocol to prepare Alginate based homogeneous matrix shown to
polymerize after 15 minutes and when washed with PBS it showed a compact matrix of
a thickness of around 2 mm. HUVECs embedded appear circular shaped, except for
some of them which seemed to adhere more and assume an elongated shape. The
distribution of cells in the three dimensions was homogeneous. The level of viability of
cells embedded was maintained after 10 days, suggesting that the thickness of the
matrix was suitable for nutrient and gases providing, even if not a high proliferation
could be observed.
Resulting Alginate beads from the third protocol had a white compact aspect and
a size around 4 mm. Cells embedded appeared to be more concentrated and
homogenously distributed.
Angiogenic assay: Alginate hydrogel based 3D culture of HUVECs
Results from the angiogenic assay (Figures 6-2 and 6-3) confirmed the
hypothesis that a controlled release of hPM could improve the stability of the capillarylike structures formed from HUVECs.
After 7 days of culture (Figure 6-2) only a few sprouts and some tubular
structures could be observed in the wells were cells were embedded together with MPs.
No mature meshes could be counted. Oppositely, HUVECs embedded in Alginate
matrix containing pure hPM formed an initial angiogenic network, characterized by an
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average length of tubules of 207.90 ± 15.31 µm, with 1.27 ± 0.84 meshes and 9.60 ±
0.70 branching points per mm2. Control wells showed circular shaped endothelial cells.
After 14 days (Figure 6-2), HUVECs embedded with hPM-loaded MPs started to
organize initial tubules with an average length of 137.41 ± 9.77 µm and 21 ± 1.5
branching points per mm2. Only a few meshes could be counted. At the same time
point, the network formed by HUVECs cultured with pure hPM appeared to be almost
completely degraded, with no meshes observed but just isolated tubules with an
average length of 226.58 ± 25.64 µm.
At 21 days (Figure 6-2), while the angiogenic network in alginate with pure hPM
was completely degraded, initial organization of more stable tubular like structures could
be observed in HUVECs cultured with hPM-loaded microparticles. The average tubule
length was of 204.07 ± 12.75 µm and an average number of branching points per mm2
of 11 ± 1.25. Only few immature meshes could be observed.
Results from the second experiment (Figure 6-3) to compare HUVECs response
to pure and controlled released hPM over time showed different trends.HUVECs
response to pure hPM appeared to be faster, since at day 4 some tubular structures
could be observed and a real angiogenic network could be appreciate at day 6. It was
characterized by an average length of tubules of 207.90 ± 15.31 µm, with 1.27 ± 0.84
meshes and 9.60 ± 0.70 branching points per mm2. From day 8 it was shown to start
degrading and on day 10, no network could be detected but only isolated tubules.
HUVECs response to hPM controlled delivered from PLGA microparticles appeared to
be slower. Up to day 6 it was characterized by isolated sprouts and tubules. At day 8 it
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started to organize some initial network formation, even if they appear to be not
homogeneously distributed and no formation of complete meshes could be detected.
Discussion
The optimization of some culture parameters performed with the first experiment
together with evaluation of Chapter 4 aimed to get to an environment able to properly
guide the formation of a capillary network within the gel. The influence of the protocol for
alginate matrix preparation, of the concentration of hPM, of the density of cells and of
the amount of microparticles on cellular response were evaluated.
In light of the results obtained, we proceeded with an in vitro angiogenic assay to
evaluate HUVECs response to hPM pure and controlled delivered from PLGA
microparticles. Outcomes after 21 days of culture showed evidence of tubule-like
structures formation within the gel where PLGA microparticles hPM-loaded were
embedded. Despite this, the angiogenic network observed did not appear to be as
mature as the one HUVECs were shown to organize after 3 days when cultured onto
hPM in 2D culture.
However, results from the comparison between HUVECs response to pure and
controlled delivered hPM, confirmed PLGA microparticles as a promising method to
sustain HUVECs organization in tubular structure for an extended period of time
compared with a dose of pure hPM directly mixed in the matrix. While with pure hPM
cells in the matrix cells appears to respond faster, but to create an angiogenic network
with a limited stability, cellular response to hPM controlled delivered seems to be slower
but to increase during time, maintaining stability of the structure previously created.
The reasons why the final capillary-like structure lack of maturity and of complete
angiogenic meshes could be addressed to different elements involved in the culture.
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First of all, the total amount of proteins delivered after 21 days from PLGA
microparticles embedded in the matrix (300 µg per well of a 12 wells plate) was
significantly lower than the concentration of proteins corresponding to the amount of
hPM optimized in our laboratory in previous works ( 1 mg per well of a 12 wells plate).
The solution could be to increase the amount of microparticles embedded in the matrix,
to get to a concentration of hPM comparable with the one used with pure hPM.
However, two main issues could be related with this. In the first place, increasing the
amount of microparticles in the matrix will risk to increase the thickness of the construct,
affecting the viability of cells. Secondarily, if the thickness is maintained low, the higher
amount of microparticles embedded in the matrix could affect cells migration and
angiogenic response.
The material used for the angiogenic assay is another important parameter which
could influence HUVECs response to hPM pro-angiogenic effect. Although Alginate has
been recently evaluated as a useful material for 3D culture and specifically for neovascularization purposes 101, contrasting opinion have been given about his use to
mimic ECM mainly because of its different composition from the components of
physiological ECM and for the limited interaction with mammalian cells
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As discussed

in several reviews 76 112, different materials are available to develop in vitro angiogenic
assay and a comparison between outcomes of the experiments performed in this work
using other matrix components (e.g. collagen, fibrin, laminin) could be useful to gain a
better understanding of the role played by the matrix on HUVECs response to hPM.
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Figure 6-1. Optimization of 3D culture matrix preparation: HUVECs cutured on the top
of Alginate matrix(A,B) , HUVECs embedded in Alginate homogeneous matrix
(C,D) and HUVECs embedded in Alginate beads (E,F) were compared at 2
time points (5 and 10 days) to assess the response of HUVEC to the different
conditions.
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Figure 6-2. 3D Alginate-based hydrogel culture system: 7,14, 21 days (angiogenic
assay): Evaluation of the difference in HUVECs long term response to hPM
controlled release; Three condition compared at time points 7,14,21 days.
From top: HUVECs in Alginate-based matrix with PLGA microparticles
embedded; HUVECs in Alginate –based matrix with pre hPM added;
HUVECs in Alginate-based matrix.
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Figure 6-3. 3D Alginate based hydrogel culture system: 2,4,6,8,10 days (angiogenic
assay): Comparison of short-term response of HUVECs between pure hPM
(second column) and controlled release from PLGA microparticles (first
column) evaluate at frequent time points to estimate the dynamic of HUVECs
angiogenic response to hPM.
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CHAPTER 7
CONCLUSION AND FUTURE WORKS
Summary
The work presented in this dissertation focuses on understanding and modulating
cellular response to the controlled release of a pro-angiogenic mixture, referred as
human Placental Matrix (hPM).
Specifically, these studies have assessed a suitable encapsulation method of
hPM using PLGA mcroparticles to achieve a controlled release in 3D cell culture. The
first goal was the development and optimization of a proper protocol for the
encapsulation of the heterogeneous mixture. The second goal was to evaluate the
angiogenic effect of the controlled release of hPM developing an angiogenic assay
using Alginate-based 3D culture of Human Umbilical Vein Endothelial Cells (HUVECs).
In Chapter 4, investigations aimed to evaluate the angiogenic effect of hPM on HUVECs
3D culture. The prevalent role proteins play in determine the angiogenic effect of hPM
was confirmed from the evaluation of cellular response to hPM in which denaturation of
the proteins had been induced compared to the response to normally thawed and
warmed up hPM. The quantification of angiogenesis over time at specific time points
enhanced changes in the network formation: an increase in stability was registered
during the first 3 days, followed by an initial degradation of the network starting from 5
days after the first day of seeding onto hPM. In light of this, experiments comparing
different conditions of hPM inoculation in the cells culture confirmed an increased
stability of the network for cells that received hPM at multiple regular time points. These
findings, suggested that the use of a controlled release method to sustain hPM release
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over an extended period of time could improve the stability and maintenance of the
network.
In Chapter 5, starting from a standard protocol suitable for a single protein
encapsulation, a proper encapsulation for hPM was optimized. Protein solution
composition, duration of the homogenization time, secondary emulsion homogenization
were investigated as key point to achieve the suitable size, morphologic feature and
associate protein release suitable for our aims. After different protocols were
investigated, the optimization process resulted in PLGA microparticles with a mean
diameter size of 91.82 µm, an encapsulation efficiency of 75%, and a complete release
profile over 30 days. An overall qualitative assessment of protein encapsulation
performed using SDS page analysis showed a uniform encapsulation of the
heterogeneous mixture, without a selective encapsulation for specific proteins.
In Chapter 6, an angiogenic assay was prepared, by embedding hPM-loaded
PLGA microparticles in an Alginate-based matrix, to evaluate HUVECs response to the
controlled release of hPM. An optimization of the procedure for matrix preparation and
for cell density and hPM amount was performed. From a long term study, evaluating
cells response at three specific time points (7, 14, and 21 days) the formation of an
initial angiogenic structure could be noticed within the gel with hPM-loaded PLGA
microparticles embedded. Oppositely, the angiogenic network which could be noticed at
day 7 within the gel with pure hPM appeared to be degraded at day 14 and 21.
In order to compare the different changes in network formation between pure and
controlled delivered hPM, an evaluation at more frequent time points was performed. It
showed the most mature angiogenic network to be formed around day 6 for the gel with
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pure hPM mixed, followed by a degradation phase. A constant increase in network
stability could be noticed when hPM was controlled released from PLGA microparticles.
These studies have detailed a proper method for hPM encapsulation and, even if
several parameters required to be optimized to improve stability and maturity of the
angiogenic network formed within the gel, initial stages of angiogenic structures
formation could be observed with the Alginate-based angiogenic assay.
Overall, the work presented in this dissertation has confirmed the usefulness of a
controlled release method to sustain the formation and maintenance of an endothelial
cells capillary network.
Future Works
Characterization of the protein released from PLGA microparticles
Human Placental Matrix represents a mixture of several proteins with completely
different properties. This could affect the associate release, due to protein-protein and
protein-polymer interaction. A SDS page analysis on the supernatant collected at the
different time points during the in vitro release studies, could give significant information
about the specific types of proteins released over time and help understanding cells
response to controlled released hPM.
Optimization of matrix composition for the angiogenic assay
In this study, an Alginate-based-hydrogel was used to develop the angiogenic
assay. Even if alginate has been defined as a promising material as synthetic ECM both
in the specific application of on vitro 3D angiogenetic assay and in vivo as scaffold for
cells embedding, its properties in term of degradation rate and chemical composition
are very different compared with components of the physiological ECM. An evaluation
of the same angiogenic assay performed in this study using other materials to realize
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the ECM environment (e.g. collagen, fibrin, laminin) could be useful to understand the
effect of cell-matrix interaction in improving and properly guide the formation and
maintenance of an angiogenic network.
Realization of a smart controlled release using iron oxide nanoparticles (IO NPs)
The increased stability of the angiogenic network using multiple inoculations at
discrete time points and the successful encapsulation of hPM in PLGA MPs, suggested
the idea to realize a smart controlled release method able to enhance and customize
the delivery of the pro-angiogenic mixture.
Iron Oxide nanoparticles (IO NPs) have recently attracted attention from the
research for biomedical applications of smart controlled release methods, thanks to their
biocompatibility and superparamagnetic properties. When an external alternating
magnetic field is applied, each NPs is subjected to a force that leads to an acceleration
in the direction of increasing field strength, inducing changes in the local magnetic field.
For frequencies between 100 kHz and several MHz, NPs magnetic dipole cannot follow
external magnetic field changes without a time lag. This leads to loss of magnetic
energy, heating up the NPs and the surrounding environment113.
A possible future development of this work, could be to embed IO NPs in PLGA
MPs, and use the described induced hyperthermia to increase the porosity of the
temperature sensitive polymer (PLGA), thus enhancing hPM release 74, 114. This could
realize a customized release profile with discrete spikes, comparable with multiple
inoculations described in Chapter 4, possibly improving angiogenic network
maintenance and stability.
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