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The goal of therapeutic angiogenesis is the development of functional and
mature vasculature by combining biological and physical cues that mimic the
native extracellular matrix. In this study we evaluated if immobilizing vascular
endothelial growth factor (VEGF) gradients and SDF-1a on gelatin nanofibrous
scaffolds with different fiber orientations (i.e. random or aligned) influence the
angiogenic potential of endothelial progenitor cells (EPCs) and human umbilical
vein endothelial cells (HUVECs). Both cell types successfully adhered onto
gelatin B scaffolds. VEGF gradients alone or combined with SDF-1a as well as
fiber orientation had a pronounced effect on cell behavior, morphology and
orientation. Cells organized themselves parallel to the fibers of the electrospun
scaffolds with the aligned orientation and developed a spindle-like morphology.
Conversely, cells cultured on scaffolds with random fiber orientation, did not
display directionality and appeared to have a rounder shape. Cell migration and
capillary formation were found to be dependent on VEGF gradients, SDF-1a
presentation and cell type. These findings indicate that electrospun scaffolds are
capable of regulating spatial growth factor presentation and influence cellular

organization.



Table of Contents

LisSt Of FIQUIeS ... e e v
Listof Tables ... viii
Chapter 1: Background and Significance...................ccceuviiiiiiiiiiiiiiiiiiiiiiiis 1
1.1 Vascular Biology and Pathophysiology ... 2
L2 N g To [ o To =T o =TT PR 3
1.3 Current Strategies in Therapeutic ANgiogenesis ...........ooouvveeeeeeeeeeeeeeenennnn. 8
1.4 Vascular Tissue ENGINEEriNgG.........uuiiiiiiiiiiiiieieee e 14
1.5 Angiogenic Growth Factor Delivery Strategies in Vascular Tissue
[ gTo [ 0 T=T=T [ T PR 17
1.6 Guided Angiogenesis and Spatial-Temporal Delivery of Growth Factors.. 19
1.7 SPECITIC AIMS ...t e e e e e e e e e e e e e ennnnnnas 22
Chapter 2: Synthesis and Characterization of Nanofibrous Scaffolds with
Defined Architectural and Biological Cues ...................cooooiiiiiiiiiiiiiieeee, 25
2.1 Experimental APProach ........coooo oo 28
2.1.1 Scaffold Fabrication and Crosslinking ...........coooooiiiiiiiii, 28
2.1.2 Characterization of Nanofibrous Scaffolds: Morphological Characteristics,
Degree of Swelling, Degradation Rate and CytotoxicCity .............cccevvvvinee..e. 30
2.1.2.1 Evaluation of Fiber Morphology as a Function of Electrospinning
Parameters. ... ..o s 30
2.1.2.2 Effect of Crosslinking on Scaffold Morphology, Swelling and
Degradation..........coooeiiiiie e 30
2.1.2.3 Growth Factor Gradient Immobilization and Formation ....................... 32
2.1.2.4 Growth Factor Release Profile ..., 33
2.1.2.5 Evaluation of Cell Proliferation and Morphology as a Function of
Scaffold Architecture and Growth Factor Immobilization Pattern .................... 34
2.2 ResuUlts and DiSCUSSION .......uiiiiiiiiiieiiiiie e e e e e e e e e e eeeees 34
2.2.1 Scaffold Morphology as a Function of Electrospinning Parameters ....... 34
2.2.2 Effects of Crosslinking on Scaffold Morphology, Swelling and
Degradalion............ueeeeiiiiiiiee e annne 35
2.2.3 Growth Factor Release Profile ...........coooo oo 36
2.2.4 Cell Proliferation and Morphology as a Function of Scaffold Architecture
and Growth Factor Gradient............oooo i 40



PR I O o] o [or 11 ] o] o - TR 44
Chapter 3: Determine the Effect of VEGF Releasing Electrospun Scaffolds

on Cellular Behavior (i.e. Proliferation and Migration) In Vitro..................... 46
3.1 Experimental APProach .......ccooee oo eiiiiiiieee e 48
3.1.1 Live Cell Imaging Design and Setup Mechanims ..o, 48
3.1.2 HUVEC and EPC cell culture ... 50
3.1.3 Cell Density and Tubular Formation as a Function of Time and Scaffold
IMOIPRNOIOGY ..ttt 51
3.1.4 Cell Proliferation as a Function of Time and Scaffold Morphology ......... 52
3.1.5 Cell Migration Evaluation..................ccooiiiiiiiiiiiccec e 52
3.1.6 Cell MOrphology ......cooveiiiiee et 53
3.1.7 ImmUNOhIStOChEeMIStIY ... ... 54
3.2 Results and DiSCUSSION ........iiiiiiiiiiiiiiie et 54
B TG T 0o Lo [ 1] o] o =PSRRI 73

Chapter 4: Develop EPC-Seeded Vascular Sheets and Determine Capillary
Formation as a Function of Construct Parameters and Co-administration of

VEGF and SDF-10 ... 74
4.1 Experimental APProach ........coooo oo 76
41T EPC Cell CURUIE ... 76
4.1.2 Cell Density and Proliferation as a Function of VEGF and SDF-1a
DIEIIVEIY ettt nen 76
4.1.3 Capillary Formation as a Function of VEGF and SDF-1a Activity........... 78
4.1.4 Cell Migration Evaluation.................cccoiiiiiiiiiiiiccee e 78
4.1.5 Cell MOrpholOgY ...cooeeeiiiiiee et e e e e e e eeeans 80
4.1.6 ImMuUNOhIStOChemMISIIY......cccooiiiie e 80
4.2 Results and DiSCUSSION ......cccceiiiiiiiiiiiiiiae e e e e e e e eeeeees 81
G I 0o o Tor 111 o) 1SRRI 93

Chapter 5: Conclusions and Future Directions ........................iiiiiinnl. 94

REFEIENCES ... e e e e e 97

APPENAICES ... e e e aaeaes 109

APPENAIX | ... e eeaeanaes 110

APPENAIX Il ... e eeaaaeaes 122



List of Figures

Figure 1.1: Endothelial cells and vascular network assembly..............cccccciiin. 5
Figure 1.2: Sprouting ANQIOgENESIS.......ccoiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 6
Figure 1.3: PLGA in growth factor delivery: the sequential release of dual factors

has been examined by embedding PDGF-incorporated particles in a PLGA foam
that have VEGF dispersed Within ... 10

Figure 1.4: Cardiac tissue patches form human cardiac muscle and integrated
human microvessels in rodent hearts ... 12

Figure 1.5: Schematic demonstrating a combination strategy for the delivery of
HGF and BMNCs (bone marrow mononuclear cells) using a PEGylated fibrin
o] o] 0= {1 ) PP 14

Figure 1.6: Advanced synergistic tissue engineering approaches for cardiac

g=Te =T aT=T = (o] o NPT PPPPPPPPP 17
Figure 1.7: Schematic drawing of selected model systems for the delivery of two
growth factors (GFs, i.e. GF1 and GF2) ..o 21
Figure 2.1: Scanning electron microscopy images (SEM) of electrospun scaffolds
........................................................................................................................... 29
Figure 2.2: Diagrammatic representation of scaffold preparation and cell seeding
........................................................................................................................... 32
Figure 2.3: FITC-Albumin gradient distribution within gelatin electrospun scaffolds
........................................................................................................................... 33
Figure 2.4: Representative SEM image used to assess fiber diameters ............ 36

Figure 2.5: Changes in scaffold architecture and fiber dimensions as a function of
glutaraldehyde crosslinking ............oooiiiiii e 37

Figure 2.6: Degree of swelling and degradation kinetics as a function of GA vapor
EXPOSUIE TIME ... e e e e e e e et e e e e e e e e e enennnnaaaeeeeas 38

Figure 2.7: Evaluation of the degree of swelling as a function of scaffold
architecture (i.e. Aligned fiber scaffolds vs. Random fiber scaffolds) and
Comparison between the release profiles of FITC-albumin from aligned fiber
scaffolds and random fiber scaffolds ... 39

Figure 2.8: HUVEC proliferation as a function of scaffold topography — Aligned
VEIrSUS RANAOM ...ttt e e e e e e e e eeeaa e e e e e e e eeeeees 41



Figure 2.9: Cytoskeleton arrangement of HUVECSs on electrospun gelatin scaffolds

Figure 2.10: Cell density and proliferation as a function of scaffold topography . 44
Figure 3.1: Diagrammatic representation of well plate incubator components ... 48

Figure 3.2: Diagrammatic representation of well plate incubator connections.... 49

Figure 3.3: Diagrammatic representation of chamber placement...................... 50
Figure 3.4: EPC and HUVEC morphological response to nanotopography and
VEGF gradients (Circularity) ........cooooiiiiiiiiie e 57
Figure 3.5: Images of time-lapse video utilized for cell tracking ...........ccccceeee. 59
Figure 3.6: Migration velocity as a function of VEGF gradients and scaffold
EOPOGIAPNY e 60
Figure 3.7: Effective displacement as a function of VEGF gradients and scaffold
1€ 0Jo T | =T o o YU 61
Figure 3.8: Cellular migration paths as a function of scaffold topography .......... 62
Figure 3.9: Cell density as a function of VEGF gradients and scaffold topography
........................................................................................................................... 65
Figure 3.10: EPC and HUVEC proliferation as a function of VEGF gradients and
SCAffOld tOPOGrAPNY .....eeeiiiiiiiiiieiit e 67

Figure 3.11: Effect of VEGF gradient and scaffold nanotopography on tubular
FOMMEALION L.t 69

Figure 3.12: EPC and HUVEC immunohistochemistry evaluating expression of von
Willebrand factor and VE-Cadherin as a function of VEGF gradients and scaffold
1€ 0J0 T | =T o o YRR 70

Figure 4.1: Diagrammatic representation of scaffold preparation and cell seeding
........................................................................................................................... 77

Figure 4.2: EPC response to the co-administration of VEGF gradients and SDF-1a
(CIPCUIAMIEY) et e e e e e e e e e e e e e e e as 82

Figure 4.3: Migration velocity as a function of the co-delivery of VEGF gradients
E= ] o IR 1D 1 e o 84

Figure 4.4: Effective displacement as a function of the co-delivery of VEGF
gradients and SDF-T0 ......ccoo oo 84

Figure 4.5: Cellular migration paths as a function of co-administration of VEGF
gradients and SDF-T0 ... 85

vi



Figure 4.6: Cell density as a function of co-delivery of VEGF gradients and SDF-
o USSR 86

Figure 4.7: EPC proliferation as a function of co-administration of VEGF gradients
r= ] o IS T B T o o SO RSPPPPPRR 87

Figure 4.8: Tubular formation as a function of co-administration of VEGF gradients
=L T0 BT 101 et o 89

Figure 4.9: EPC and HUVEC immunohistochemistry evaluating expression of von
Willebrand factor and VE-Cadherin as a function of VEGF gradients and scaffold
EOPOGIAPNY e 90

vii



List of Tables

Table 1.1: Matrices and Scaffolds for single angiogenic growth factor delivery.
Adapted from Matrices and scaffolds for drug delivery in vascular tissue
2T aTo [T T=T=T 4o T RPN 8

Table 2.1: Groups of electrospun 10% (Group A15-C1s5) and 5% (Group D15- F15)
gelatin B in 1,1,1,3,3,3 hexafluoro-2-propanol nanofibrous scaffolds at different
[O=T =T =] (T R 29

viii



CHAPTER 1: BACKGROUND AND SIGNIFICANCE

1.1 Vascular Biology and Pathophysiology

The main function of vasculature is to maintain oxygen homeostasis by modulating
O2 delivery and exchange, in order to meet the demands imposed by cells [1-3].
Hence, understanding the fundamentals of vascular biology provides a foundation
to fathom both normal functions of organ systems and their pathophysiological
states. Briefly, capillaries consist of monolayers of endothelial cells juxtaposed with
pericytes. Unlike larger vessels, pericytes do not to form a continuous sheath
around microvessels. On the other hand, veins and arteries have a tri-laminar
structure: The intima consists of endothelial cells, pericytes and a basement
membrane, the middle layer or tunica media is composed principally of smooth
muscle cells and the outer layer or adventitia consists of fibroblasts, mast cells,
nerve terminals and extracellular matrix. Furthermore, arterioles and medium-size
muscular arteries consist of thick and prominent tunica media in relation to the
adventitia, where the muscular tone regulates both blood pressure and flow
through the arterial networks. On the other hand, larger elastic arteries have a
structured tunica media composed of concentric bands of smooth-muscle cells

interspersed with elastin-rich extracellular matrix [1-3].

These types of arteries (i.e. muscular and elastic) are commonly affected by
occlusions (i.e. atherosclerosis) and can lead to ischemia to the heart, brain or
limbs resulting in infarction. In clinical disorders such as peripheral arterial disease

(PAD), stenosis in the aorta or arteries of the extremities is



characteristic. Briefly, large and medium-sized vessels are occluded by segmental
lesions that include atherosclerotic plaques (calcium deposition), thinning of the
media, irregular destruction of muscle and elastic fibers, fragmentation of the
internal elastic lamina, and thrombi composed of platelets and fibrin. Generally,
said atherosclerotic lesions involve sites such as the abdominal aorta and iliac
arteries, the femoral and popliteal arteries, and the more distal vessels (i.e. tibial
and peroneal arteries). In other words, locations where there is increased
turbulence and altered shear stress, which in turn leads to constant intimal injury

(i.e. arterial branch points) [1-3].

Treatments for PAD include therapies to reduce the risk of associated
cardiovascular events and improvement of limb symptoms (i.e. prevents
progression to critical limb ischemia, and preserves limb viability) [2,4,5]. Patients
should initiate treatment by modifying risk factors (i.e. smoking, diet, etc) in
combination with an antiplatelet medication (e.g. aspirin, clopidogrel) and statins,
in order to improve cardiovascular outcomes and avoid the risk of myocardial
infarction, stroke and even death. However, in patients with symptoms refractory
to pharmacological treatment and lifestyle modifications, revascularization
interventions should improve long term survival and provide relief of symptoms

[2,4,5] .

Revascularization procedures include catheter-based (e.g. percutaneous
transluminal angiography (PTA), stent placement, and atherectomy) and surgical
interventions (e.g. peripheral artery bypass) [2,4,5]. The protocol for

revascularization procedure depends on the location and extent of the occlusion



and medical condition of the patient. Despite advancement in revascularization
procedures, a large number of patients (100,000- 200,000) have unfavorable
occlusive patterns, diffuse coronary atherosclerosis, small distant vessels and
comorbidities that prevent the utilization of any of these procedures [5] . Therefore,
an alternative approach towards revascularization (i.e. therapeutic angiogenesis)
could benefit these patients, whom otherwise are not candidates for conventional

revascularization methods [2,4,5] .

1.2 Angiogenesis

Under normal adult physiological conditions a plethora of molecules (i.e.
stimulators and inhibitors) regulate angiogenic homeostasis in order to maintain
an angiostatic state. Angiogenic stimulation results from the release of growth
factors within the microenvironment, leading to endothelial cell activation,
proliferation, migration, tube formation, stabilization and maturation. On the other
hand, angiogenic inhibitors hinder signaling pathways within endothelial cells in
order to circumvent the development of unwanted vasculature. Angiogenic growth
factors such as VEGF1 and FGF2 are considered stimulators of the angiogenic
process as well as essential for the initial growth phase of angiogenesis [5-8].
Furthermore, growth factors such as TGF- B3, PDGF- 34, and angiopoietin-1 are

required for vasculature stabilization. Additional angiogenic stimulators (e.g. G-

1 VEGF- Vascular endothelial growth factor
2 FGF- Fibroblast growth factor
3 TGF- 8 - Transforming growth factor- 8

4 PDGF- 8 — Platelet-derived growth factor-8



CSF, HGF, PD-ECGF5) and inhibitors (e.g. TSP-1, TIMPs, hCG6) affect this
process through feedback loops and interactions with the extracellular matrix
[5,6,9], contributing to the abovementioned angiogenic homeostasis by regulating

the expression and activity of both angiogenic and angiostatic growth factors [9] .

Upregulation of angiogenic growth factors due to, for example, ischemia, alters this
regulatory balance, where interactions between growth factors, receptors, cells
(i.,e. endothelial and mesenchymal) and the extracellular matrix lead to
neovascularization. Three processes within the body are known to induce new

vessel formation (Figure 1.1): Angiogenesis, vasculogenesis and arteriogenesis

13].

In angiogenesis, new capillaries are established from the extension of preexisting
vessels through a process that involves the activation, migration and proliferation
of endothelial cells under the direction of local angiogenic stimulus (i.e. hypoxia,
ischemia or inflammation). Subsequently, neovascularization occurs by either
sprouting or intussusception. Briefly, in intussusception (splitting angiogenesis),
splitting of the lumen in preexisting vessels is achieved through the insertion of
interstitial cellular pillars. Local vasculature is then partitioned via stabilization and

growth of these pillars, leading to vascular remodeling and an increase in the

5 G-CSF- Granulocyte colony-stimulating growth factor, HGF- Hepatocyte growth factor, PD-ECGF- Platelet-derived
endothelial cell growth factor

6 TSP-1- Thrombospondin - 1, TIMPs — Metalloproteinase inhibitors, hCG- Human chorionic gonadotropin.



number of vessels without the need of a equivalent increase in the number of

endothelial cells [3].
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Figure 1.1 — Endothelial precursors (angioblasts) in the embryo assemble a
primitive network (vasculogenesis), which in turn expands and is remodeled
(angiogenesis). Smooth muscle cells cover endothelial cells during vascular
myogenesis, and stabilize vessels during arteriogenesis. CL: collagen; EL:
elastin; Fib: fibrillin (Fib). Adapted from: Carmeliet, Mechanisms of
angiogenesis and arteriogenesis, Nature Medicine 6, 389 — 395 (2000)

Conversely, in sprouting angiogenesis (Figure 1.2) vascularization is a result of
budding and extension of already formed vasculature. Briefly, when an angiogenic
stimulus (i.e. hypoxia, ischemia or inflammation) is induced, a transient
upregulation of angiogenic growth factors is triggered, which activates neighboring

endothelial cells and recruits endothelial progenitor cells [5,9-11]. These migrating

endothelial cells degrade the basement membrane of a parent vessel and begin



to lay down extracellular matrix. Subsequently, endothelial cells proliferate and
begin to form connections with neighboring vasculature through a complex process
of sprouting, branching and regression, in order to pattern a capillary network.
Further cell-cell and cell-matrix interactions guide capillary extensions and aid in
the stabilization of vasculature via the recruitment of pericytes and smooth muscle
cells. Once tubules are formed, vessels are sealed via cell-cell junctions forming a

capillary loop through where blood is perfused [5,12-14].

Activated endothelial cell

VEGF gradient

—————

Basement membrane

Positive and negative
guidance clues
Pericyte

Branching,

Newly formed capillaries
pathfinding ®

Large vacuoles ® .
merging to *
form tubules ©

en. Med. ©® Future Medicine (2009)

Figure 1.2 - Sprouting Angiogenesis. (A) Endothelial cell are activated through
angiogenic cues and a tip cell is selected. (B) Tip cell degrades basement
membrane and migrates within the parent vessel (C) Angiogenic cues control
guidence and morphogenesis, large vacuoles form and merge to make tubules.
(D) Deposition of basement membrane to stabilize newly formed endothelial
tubules. Adapted from: Carmeliet, Mechanisms of angiogenesis and
arteriogenesis, Nature Medicine 6, 389 — 395 (2000)



On the contrary, in vasculogenesis angioblasts or endothelial progenitor cells
(circulating or residing in bone marrow) guide the de novo development of a simple
vascular network (i.e. primary capillary plexus). Subsequently, this primary
capillary plexus expands through branching, forming and remodeling a complex
vascular system. Although vasculogenesis was considered to be an embryonic
process, the paradigm for postnatal vasculogenesis has been revised due to
recent studies that have demonstrated how endothelial progenitor cells circulating
in peripheral blood of adult animals proliferate in response to an ischemic event,
home and become incorporated within areas of neovascularization augmenting

vasculature formation [5,6,8,11,14-16].

A third neovascularization process, arteriogenesis, is deemed to give rise to
medium sized arteries through the remodeling of preexisting collateral vessels.
Moreover, arteriogenesis is thought to be the result of changes in shear stress
within an occluded vessel, leading to functional alterations within the vascular
endothelium, modifications in cell-cell and cell-matrix interactions, as well as
contributions to growth factor upregulation. Briefly, to adjust the blood flow as a
function of tissue perfusion, the injured vasculature becomes covered by a
muscular coat, endowing viscoelastic and vasomotor properties to the remodeled
blood vessels [5,11-13]. Despite the fact that angiogenesis, vasculogenesis and
arteriogenesis are relevant to the development of neovascularization strategies;
angiogenesis has been the basis of research for the treatment of ischemic

pathologies [5].



1.3Current Strategies In Therapeutic Angiogenesis

Therapeutic angiogenesis seeks to mirror, support or augment natural
mechanisms within the body that result in collateral vessel formation [6,9].
Strategies for therapeutic angiogenesis rest on inducing the development of new
vasculature through the administration of bioactive agents such as angiogenic
molecules (e.g. bFGF, VEGF), genes or cells [6,9,17]. Furthermore, the delivery
of said angiogenic agents can be done either through a single or a combination

dose of growth factor (s), gene (s) or cell (s) [7,11,17,18] .

The simplest strategy consists of injecting a single angiogenic growth factor or
encoded gene to the affected site [6]. Several studies have demonstrated (Table
1.1) that administering a single growth factor or encoded gene can aid in restoring

blood flow within ischemic areas [6,7,9,18].

Matrix/Scaffold Growth factor
Fibrin VEGF
bFGF
SDF-1
Collagen VEGF
Gelatin VEGF
bFGF
TGF-B
HGF
Alginate VEGF
bFGF
PLGA/PEG VEGF

Table 1.1 — Matrices and Scaffolds for single angiogenic growth factor
delivery. Adapted from Matrices and scaffolds for drug delivery in
vascular tissue engineering Zhang, G.; Suggs, L. J.; Advanced Drug Delivery
Reviews, 2007



Growth factors such as VEGF and bFGF have been evaluated extensively in both
animal and human studies. Although results were promising, the data has not
demonstrated significant benefits in the defined endpoints (i.e. survival,
improvements in quality of life, relief of symptoms) [7]. The limited success of these
studies may be due to insufficient or excess delivery or dosing of the growth factor
(e.g. VEGF, bFGF), which in turn may result in vascular networks that do not follow

the hierarchical branching pattern of normal vasculature [7,18].

To overcome the issue of immature or malformed vasculature, combination
therapies have been investigated (Figure 1.3). Said approaches involve two or
more growth factors such as bFGF and PDGF [19], bFGF and VEGF-A and VEGF-
C [20] , or angiopoietin-1 and VEGF [21]. Combination therapies are designed
based on either the synergism between therapeutic effects or complementary
functions (i.e. initiation and maturation of blood vessels) of the growth factors [18]
. Although multiple growth factor delivery attempts to mimic biological mechanisms
in angiogenesis, issues regarding dosages, rates, localization and modes of

delivery for each bioactive factor have yet to be resolved [7,18] .
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Porous matrix Polymer
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Figure 1.3- PLGA in growth factor delivery: the sequential release of dual
factors has been examined by embedding PDGF-incorporated particles in
a PLGA foam that have VEGF dispersed within. Poly(lactic acid-co-glycolic
acid) (PLGA) scaffolds enable different release kinetics of growth factors. VEGF
is incorporated into a porous PLGA scaffold by mixing with PLGA followed by
processing into a scaffold. This approach results in VEGF absorption on the
scaffold. On the other hand, PDGF is incorporated by pre-encapsulation of
PDGF into PLGA microspheres followed by processing into a scaffold.
Compared with VEGF, PDGF has a significantly slower release kinetic. These
two approaches can be combined to deliver dual factors with distinct kinetics.

Furthermore, disadvantages such as short-half life in vivo, costs and
manufacturing difficulty have lead researchers towards utilizing gene therapy in
order to prolong and precisely localize the delivery of angiogenic growth factors
[7,22]. Briefly, gene transfer utilizes either viral or non-viral vectors to introduce
genes into target cells in furtherance of achieving high levels of sustained gene
expression [5,23]. Due to safety concerns non-viral vectors have become an

attractive option, however, they are less efficient at inducing gene expression
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compared to viral vectors [5,7]. To overcome this inadequacy, large quantities of
the non-viral vectors (i.e. plasmid) can be administered to induce angiogenesis.
Despite providing a precise mode of delivery, there are concerns with gene transfer

regarding vector-induced cytotoxicity (e.g. deleterious inflammatory response) [5].

Consequently, cell based strategies for revascularization have been evaluated.
Due to stem and progenitor cell identification, potential for a new therapeutic option
has emerged (Figure 1.4) [6,24]. The utilization of stem or progenitor cells in
angiogenesis is driven by two rationales: Cell phenotypic plasticity and cellular
recruitment via cytokines [6,25]. Adult stem cells have the capability of
differentiating into functional vascular cells if given specific biological cues, cell
types such as mesenchymal stem cells (MSCs), hematopoietic stem cells (HSCs)
and endothelial progenitor cells (EPCs) have demonstrated said potential for
differentiation [6,7,24]. However, to achieve new vessel formation, a relatively
large amount of cells is required; leading to evaluate cellular recruitment and
mobilization via growth factors [24] as circumvention to this issue. In brief, during
an ischemic event, bone-marrow derived stem and progenitor cells are recruited
to the injured area, growth factors such as granulocyte colony stimulating factor
(G-CSF) and granulocyte-macrophage colony stimulating factor (GM-CSF) have
been shown to promote cellular mobilization and subsequent homing in ischemic

tissues [7,24,26].
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Figure 1.4- Cardiac tissue patches form human cardiac muscle and
integrated human microvessels in rodent hearts. Cardio-HUVEC-MEF or
cardio-HUVEC-NHDF patches were implanted onto nude rat hearts for 1 week.
(A) Gross examination of the heart immediately after sacrifice demonstrated that
patches (arrow) attached with sutures were firmly adhered to the heart. (B)
Patches had significant B-MHC-positive human cardiac muscle tissue (brown
immunostaining; representative cardio-HUVEC-MEF patch). (C) A higher-
magnification image of the graft from B shows that B-MHC-positive
cardiomyocytes were relatively small and had immature sarcomeric
organization, and that (D) grafts contained Nkx2.5-positive (pink nuclei) cardiac
progenitor cells that had not yet matured to express B-MHC (green). CD31-
positive endothelial cells in animals implanted with cardio-HUVEC-MEF (E) or
cardio-HUVEC-NHDF (F and G) patches frequently formed vessel-like lumens
that contained leukocytes (arrows in E) and Ter-119-positive red blood cells (G),
indicating that grafted human vessels had connected with the host vasculature.
Stevens, K. R., et al. "Physiological function and transplantation of
scaffold-free and vascularized human cardiac muscle tissue.”
Proceedings of the National Academy of Sciences 106.39 (2009): 16568-
16573.
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As mentioned earlier, neovascularization involves a harmonious interplay between
cells and cytokines. Multiple growth factors play a role in vessel formation; these
are tightly regulated and are presented at specific times [8,11,27]. Current growth
factor and gene delivery strategies have failed to mirror the angiogenic process
due to either insufficient or undetermined dosing. Studies have demonstrated
injecting angiogenic growth factors leads to a transient elevation of the growth
factor followed by unstable capillary formation [6,7,17,27,28]. Furthermore, the
mechanisms involved in angiogenic processes have not been characterized
sufficiently in areas such as cell based therapies [6,7,24,29]. These challenges,
among others, could be addressed through combination therapies (Figure 1.5)
(e.g. dual growth factor delivery, growth factor and cellular therapy) in conjunction

with delivery matrices, microspheres or scaffolds [6,7,9,24,29-31].

Although the selection of a cell type and a matrix to reconstruct a specific tissue
are the main requirements of tissue engineering, one essential component for
successful tissue regeneration is the microenvironment (i.e. spatial and temporal)
in which cells interact. Orchestrated interactions between cytokines, cells and
extracellular matrices define this microenvironment [31]. Consequently, integrative
approaches that combine encapsulated or tethered angiogenic growth factors,
cells and 3-D microenvironments have been proposed in order to mimic in vivo

mechanisms [31-34].
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Figure 1.5- Schematic demonstrating a combination strategy for the
delivery of HGF and BMNCs (bone marrow mononuclear cells) using a
PEGylated fibrin biomatrix. Delivery was evaluated in a murine infarct model.
Cell retention rate was significantly increased when delivered by injectable
biomatrix compared with direct injection. The nuclei of transplanted BMNCs were
stained blue by X-gal and the slides were counterstained by eosin (red). By direct
injection only a few cells were detected at the peri-scar region. Zhang et al.
Enhancing efficacy of cell transplantation in hearts with post infarction LV
remodeling by injectable bio matrix, Tissue eng. 2008

1.4Vascular Tissue Engineering

In areas such as vascular tissue engineering, this integrative approach has
become the foundation to develop and maintain mature, stable and functional
vascular networks. Studies have demonstrated the importance of sustained
localized delivery of precise doses of angiogenic cues to produce and maintain this
functional vasculature [9,33,35,36]. Herein, a variety of release technologies have
been utilized to both carry and delivery angiogenic growth factors. Parameters

such as growth factor amount and type, and material properties can be altered in
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order to tailor release profiles in response to physiological demands at the
ischemic site. The rationale to this tailored approach is to create a feedback loop
between the growth factor release profile and the in vivo microenvironment,

ensuing vascular repair and growth and preventing unwanted side-effects [9,37].

Furthermore, delivery vehicles for angiogenic biomolecules provide means to
protect, improve bioavailability and reduce the amount of protein required to
achieve a desired effect [31,38]. Thus, delivery strategies should enable retention,
stability and uniformity of the biomolecule, and control the spatial-temporal delivery
for a sufficient period to allow neovascularization [6,33,39]. Conversely, delivery
systems can also serve as a provisional extracellular matrix to garner and foster
cells, as well as guide cellular migration within the matrix while preserving surface
area in which vascular networks can grow [33,40]. Considerations such as cellular
adhesion, physical and chemical properties, and degradation rates should be
taken into account if the tissue engineered construct should be utilized to mimic

vascular extracellular matrix [6,41].

Therefore, strategies for vascular tissue engineering have focused on developing
3-D systems (i.e. matrices, scaffolds) utilizing biomaterials (i.e. natural or synthetic)
to incorporate angiogenic growth factors or extracellular matrix proteins that
regulate vascular cell behavior (i.e. adhesion, migration, proliferation) or both, in
order to entice and support vascular network development, as well as release the
angiogenic biomolecules in a tunable manner. To achieve this, biomaterials have
been modified to enhance their physical and chemical properties, and to improve

the efficiency of growth factor delivery and bioactivity [7,30,31,33,34,36,41]
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leading to biomimetic matrices that provide greater control over cellular responses,

angiogenic cue delivery and vascular network guidance.

However, to mimic the physiological process of angiogenesis, it is critical to
understand the timing and release of growth factors in vivo, which in turn, will
provide release profile guidelines to develop a delivery vehicle that will entice and
control the degree of vascularization within the tissue (Figure 1.6) [42].
Angiogenesis is an intricate process that involves a plethora of morphogens, in
order to initiate, mature and stabilize new functional vasculature. These include
pro-angiogenic factors such as VEGF, bFGF and PDGF, in addition to other
families of growth factors/ growth factor receptors such as angiopoietins and
ephrins, which aid in stabilizing newly formed capillaries [6,8,10,43,44] . Briefly, in
vasculogenesis, specific concentration gradients and threshold levels of VEGF,
activate receptors to induce angioblasts to form the primary capillary plexus,
conversely, sprouting angiogenesis is induced by angiopoietins which in turn
modulate VEGF activity in order to direct angiogenesis [45,46]. Subsequently,
PDGF and TGF — B regulate the recruitment of vascular smooth muscle cells and
pericytes in order to stabilize immature vessels and generate extracellular matrix
[8,47]. Moreover, matrix metalloproteinase influence cell migration and
differentiation via pro-angiogenic factors within the matrix, in order to regulate
branching and remodeling of the new vasculature [8]. Consequently, delivery
approaches should utilize this knowledge to delineate the specific concentrations
and, temporal and spatial expression profiles of cytokines to achieve the

development of functional vasculature [48] .
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Figure 1.6- Advanced synergistic tissue engineering approaches for
cardiac regeneration. Prabhakaran, Molamma P., et al. "Biomimetic material
Strategies for cardiac tissue engineering." Materials Science and Engineering: C
31.3 (2011): 603-513.

1.5 Angiogenic Growth Factor Delivery Strateqgies in Vascular Tissue
Engineering

Several strategies have been developed to mimic the in vivo release profiles of

angiogenic cytokines, these approaches range from incorporation through
adsorption to encapsulation. Single-factor delivery strategies have focused on a
broad array of different cytokines, materials, delivery methods, and means of
incorporation. Natural biopolymers (i.e. Fibrin, collagen, gelatin, and alginate) have
been utilized successfully to load angiogenic growth factors via coating or
adsorption, as they are well-characterized and may contain native ECM molecules

[48]. Collagen sponges coated with PDGF were implanted into full-thickness
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excision wounds in rats; results demonstrated increased fibroblast infiltration and
enhanced capillary formation [49,50]. Tabata et al. demonstrated that controlled
release of bFGF is caused by biodegradation of gelatin hydrogels, thus promoting
vascularization dependent on water content of said hydrogel [51] . Conversely,
synthetic scaffolds such as PLGA (copolymer of D,L-lactide and glycolide) have

been utilized to deliver VEGF to enhance neovascularization [52].

Furthermore, advances in protein modification techniques have led to the
incorporation of angiogenic cytokines into scaffolds via fusion proteins or coupling
utilizing  1-ethyl-3-(3-dimethylaminopropyl)- carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) chemistry. Zisch et al. developed a fibrin-binding VEGF
fusion protein and incorporated it into fibrin during coagulation. The study
demonstrated VEGF could be retained within the fibrin matrix until tissue
remodeling had taken place [53]. Similarly, bFGF and fibrin-binding peptide
Kringle1, or PDGF and collagen-binding domains fusion proteins have been
utilized to link bFGF or PDGF to fibrin or collagen hydrogels, respectively, both
studies showed said scaffolds promoted neovascularization in vivo [54,55].
Alternatively, heparin has been incorporated into collagen matrices via
carbodiimides. Subsequently, the heparinized collagen matrices were enhanced
by immobilization VEGF through the heparin-binding domain. Results
demonstrated loading of heparinized matrices with VEGF increased angiogenic

potential [56-58].

Although there has been success in delivering angiogenic cytokines either through

adsorption, coating and surface tethering, there still remains a problem with



19

localized delivery and release kinetics. Thus, microspheres with encapsulated
angiogenic growth factors have been either incorporated into scaffolds or utilized
for targeted delivery (i.e. catheter based therapy). Perets et al. incorporated bFGF
loaded PLGA poly (lactic-co-glycolic acid) microspheres within a porous alginate
scaffold in order to control release profiles, results demonstrated enhanced
vascularization in rats [59]. Similarly, Richardson et al. developed a 3-D construct
composed of PDGF loaded microspheres and a VEGF immobilized PLGA scaffold.
This dual delivery approach allowed the release of the cytokines at different rates
in order to promote larger and mature vasculature. Several studies have elucidated
that vascular development under the guidance of a dual delivery strategies is

superior when compared to single growth factor therapy [31,38,60-64].

1.6 Guided Angiogenesis and Spatial-Temporal Delivery of Growth Factors

Releasing growth factors as a function of time has been the main focus for vascular
tissue engineering approaches, however, the role of growth factor concentration
and spatial-temporal profiles are crucial in the recreation of angiogenic processes.
The formation of mature and functional vasculature in vivo is the result of
angiogenic growth factors acting in spatial-temporal gradients to regulate vessel
properties (i.e. density, size and distribution), architecture and patterning.
Moreover, seeing that undirected vessel growth leads to haphazard vascular
patterning, spatial control is essential in order to avoid vessel instability and
therefore inadequate vascular network functionality [38,65]. Studies have
addressed the need for spatial-temporal delivery by either incorporating single

growth factors within fibrin [66] or PLGA [67] films, or by utilizing individual delivery
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vehicles (e.g. microspheres, hydrogels and scaffolds) [68,69]. However, any
strategy that attempts to mimic in vivo angiogenic processes should not be limited
to the delivery of a single growth factor; rather it should deliver at least two
synergistic angiogenic cytokines, at optimized ratios and in a specific spatial-
temporal profile, in order to entice mature and functional vessel development [31]
. With this concept in mind, the design of delivery strategies for angiogenic growth
factors has aimed to either provide spatially or zonally (i.e. gradients) distinct cues

within a 3-D construct [70].

Strategies to control spatial gradients incorporate growth factors in predetermined
sites within a scaffold in order to provide specific signaling cues (Figure 1.7).
Neovascularization was achieved by spatially segregating VEGF within one region
and VEGF/PDGF within an adjacent region of a porous bi-layered PLGA scaffold.
Moreover, the controlled delivery utilizing this PLGA scaffold regulated vessel
density, size and maturity in vivo [38]. More recently, studies have shown patterned
surfaces influence cell behavior, yielding to the development of constructs with
growth factor patterning gradients [70-72]. Miller et al. utilized inkjet printing to
immobilize patterns of FGF-2 at different concentrations upon fibrin substrates.
Cells initially grew randomly across both the patterned and non-patterned surface;
however, over time cells began to migrate to the patterned regions, leaving the
non-patterned areas empty. Additionally, cells located upon FGF-2 patterns
survived longer compared to the cells located off patterns [71]. Herein, guided
angiogenesis could be achieved by combining controlled zonal release of

angiogenic cytokines and a patterned specific 3-D construct.
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1. Layer 1 prevents GF diffusion

2. Layer 2 contains GF2

GF2-loaded

- Microspheres in scaffolds
microspheres

Figure 1.7- Schematic drawing of selected model systems for the delivery
of two growth factors (GFs, i.e. GF1 and GF2). (A) A microsphere-based
system in which two types of microencapsulated GFs (MP1 and MP2) are
entrapped in scaffolding materials enables simultaneous delivery and release of
dual GFs from one delivery platform (B) A multi-layer system can be used to
mimic a double coated scaffold (layer 1 does not contain GFs and does not allow
diffusion of the model proteins, layer 3 contains GF1, and layer 2 contains GF2)
(C) A core-shell system: A composite scaffold for the sequential release of two
GFs, where the scaffolding rod (core) and the synthetic shell were prepared
separately and combined just before implantation to a wound site (illustration is
not to scale).
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1.7 Specific Aims

Vascular ischemic disorders remain the major cause of disability and death in
developed societies. Predictions estimate that by the year 2020 cardiovascular
diseases (i.e. Atherosclerosis) will become the leading cause of health care burden
in western societies [3] despite improvement in surgical and minimally invasive
techniques to restore blood flow in underperfused areas of the heart and limbs
[6,9,73]. Therapeutic angiogenesis seeks to promote revascularization through the
delivery of bioactive agents (e.g. growth factors, cells) [17,73]. Studies have shown
controlled and localized delivery of multiple growth factors is required to produce
functional vasculature [6,7,38]. A number of sustained and localized growth factor
delivery strategies have been developed, however neither vasculature patterning
nor organization has been achieved successfully [38,73-75]. Furthermore, studies
have demonstrated growth factor type, concentration and mode of presentation
(spatial and temporal) are critical in promoting mature and stable vasculature. Both
type and concentration of angiogenic cytokines will affect the extent of cellular
signaling and thus cellular behavior (e.g. proliferation, migration, differentiation)
[6,9,34,37,38,40,76]. Moreover, physiologically, angiogenic growth factors are
presented at specific time points and locations, and in different concentrations,
therefore, sequential and spatial delivery of these cytokines is critical in
establishing patterned and stable neovascularization, in addition to avoiding
undesirable side effects at distant sites. Herein, elucidation of how spatial and

temporal presentation affects angiogenesis and vascular development is important
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for the development of promising therapeutic angiogenic strategies

[6,9,10,30,31,34,35,38,40,41,75,77].

The long-term goal of this project is to develop three-dimensional cellular sheets
with distinct architectural and biological cues that promote directed angiogenesis.

In order to address this goal, the following specific aims will be pursued:

AIM 1: Synthesis and characterization of nanofibrous scaffolds with defined

architectural and biological cues

Gelatin based electrospun scaffolds with well-defined fiber architecture will be
fabricated based on a novel electrospinning approach developed in our laboratory.
Vascular endothelial growth factor (VEGF), a well-known angiogenic growth factor
will be immobilized onto the surface of the nanofibrous construct via means of

physical immobilization.

AIM 2: Determine the effect of VEGF releasing electrospun scaffolds on

cellular behavior (i.e. proliferation and miqgration) in vitro

HUVECs and EPCs will be seeded onto the constructs and migration velocities will
be determined as a function of fiber orientation and VEGF spatial and temporal
delivery. Specifically, VEGF gradients will be established on the surface of the
electropsun constructs and cell velocity profiles and effective displacement will be

evaluated.



24

AIM _3: Develop EPC-seeded vascular_sheets and determine capillary

formation and directionality as a function of construct parameters and co-

administration of VEGF and SDF-1a

SDF-1a and VEGF will be immobilized onto the surface of aligned electrospun
scaffolds to evaluate if the co-delivery of these cytokines will provide the necessary
cues to entice EPC attachment, proliferation and migration within nanofibrous

scaffolds and promote vessel development and directionality.



CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF NANOFIBROUS
SCAFFOLDS WITH DEFINED ARCHITECTURAL AND BIOLOGICAL CUES

Electrospinning is a fabrication technique that utilizes electrical charges to
assemble polymer mats with different fiber diameters and architectures ranging
from micometer down nanometer scale [78,79]. This process has gained much
attention not only because of its versatility in spinning a wide variety of polymeric
fibers but also due to its ability to consistently produce uniform fibers that otherwise
would be difficult to achieve by using standard mechanical fiber-spinning
techniques. Electrospun fiber scaffolds also offer several advantages such as, an
extremely high surface-to-volume ratio, tunable porosity, malleability to conform to
a wide variety of sizes and shapes and the ability to control the nanofiber
composition to achieve the desired results from its properties and functionality. A
major challenge encountered in using electrospun scaffolds for tissue engineering
is the non-uniform cellular distribution and lack of cellular migration in the scaffold
with increasing depth under normal passive seeding conditions [80].

Three important factors influence cellular behavior: scaffold chemistry, mechanical
properties, and architecture. Naturally occurring ECM, is composed of various
proteins and sugars, this blend of materials provides mechanical properties that
are ideal for supporting cells and tissue and promotes specific biomolecular activity
among cells. Materials can be designed to mimic the tensile and compressive
properties of certain tissues, and coatings can impart proper surface chemistry.
Although biomaterial development has evolved one of the real

challenges is creating the proper architecture through balancing both porosity and

pore size [79-81].

25
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Techniques such as salt leaching and lyophilization generate highly porous
scaffolds, however these fail to create the proper void size. Pores in such artificial
ECMs are often on the order of hundreds of microns, and cells merely stretch along
a flat surface instead of engaging multiple attachment points in a 3D environment.
Studies have shown that it is very difficult to identify “optimal” pore diameter for
tissue growth, as varying pore diameters often lead to varying porosities,
mechanical properties, available surface area, and other variables that have been
shown to affect cell growth [72,78,81,82][72,82][72,82].

Electrospun scaffold have been shown to provide large porosities (>70%) and a
nanofibrous structure capable of allowing cells to bridge voids and attach to
multiple fibers in a truly 3D environment, making them ideal candidates for tissue
engineering applications [81]. A plethora of biodegradable polymers have already
been electrospun with tissue engineering in mind [83-86]. The effect of fiber
diameter on cell proliferation has also been evaluated, with the general conclusion
that smaller fibers seem to entice cellular replication and signaling [87,88].
Constructing electrospun nanofibrous mats into specific designs — such as a hollow
conduit for nerve regeneration or multiple stacks of materials to mimic tiered layers
of tissue — has also shown promising success [89]. There has been little work,
however, on the effect of scaffold architecture. Electrospun scaffold architecture is
an interesting challenge, in that there are few effective means to vary
independently basic morphological parameters: porosity, pore diameter, and fiber
diameter. The effect of these morphological parameters on cellular behavior is of

particular relevance, as the utilization of space is a key concern when utilizing
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electrospun scaffolds as tissue engineering templates, because cellular population
and tissue formation usually occurs only on the scaffold periphery [90]. Previous
studies have utilized different methods to increase cell infiltration include spinning
mixed populations of micro and nano-sized fibers, [91] electrospinning in the
presence of cells, [92] spinning with sacrifical fibers, [93] including poragens during
fiber collection, [94] and photopatterning, [95] all of which have shown some degree
of success in increasing initial cell infiltration into the scaffold. However, these
methods have focused on initial scaffold porosity and do not actually direct cells
into the scaffold [93].

Directed cell migration is critical during several different physiological processes
such as tissue development, tumorigenesis, and wound healing. Common
approaches to direct cells include topographical patterning (e.g. aligned channels
and fibers) and immobilization of growth factors or cytokines [95-99]. Studies have
shown spatiotemporal delivery of growth factors (e.g. VEGF) has been useful in
achieving enhanced cellular effects both in vitro and in vivo [75] via the interplay
between scaffold and growth factor delivery profiles [31]. Furthermore, cellular
directionality is highly regulated and strongly depends on growth factor gradients,
cells exposed to gradients grow and migrate towards areas where growth factors
have been immobilized [100,101].

In this study we utilized our nanofibrous gelatin electrospun scaffolds [102] with
different fiber orientations (i.e. random or aligned) evaluate HUVEC behavior and
their angiogenic potential as a function of construct parameters (i.e. morphological

characteristics, fiber alignment, VEGF gradients).
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2.1 Experimental Approach

2.1.1 Scaffold Fabrication and Crosslinking
Our laboratory has developed a novel electrospining apparatus that allows us to
design 3D scaffolds with different patter arrangements, fiber densities and
diameters. Briefly, gelatin B (Sigma Aldrich USA, Gelatin Type B from Bovine Skin
G9391-500G) was dissolved at 10% w/v in 1,1,1,3,3,3 hexafluoro-2-propanol
(Sigma Aldrich USA, Fluka HFIP 52512-100mL), the solution was loaded into a 5
mL syringe (Thomas Scientific USA, Henke Sass Wolf Norm-Ject 8939N52) and
electrospun at specified parameters from a 22G blunt needle (Table 2.1). A total
of 500uL was deposited onto aluminum covered glass slide and left to dry for 1
hour under vacuum (25 in Hg) at room temperature. Aligned fiber orientation was
achieved by controlling the polarity of the collecting plates of our custom made
electrospinning apparatus (Figure 2.1). Crosslinking of gelatin B nanofibrous
scaffolds was performed with glutaraldehyde vapor (Sigma Aldrich USA,
Glutaraldehyde Solution Grade Il 25% in H20 G6257-1L). Briefly, 2mL of 25%
glutaraldehyde solution per scaffold was deposited in an airtight container that
contained the electrospun scaffold still attached to the aluminum collector.
Scaffolds were crosslinked at various times (15 min to 2 hrs) in room temperature
and then washed for 1 hour in 100mM glycine solution (Sigma Aldrich) to block

any unreacted aldehyde groups.
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Group

Voltage (kV)

N-t-C (cm)

Feed Rate (ml/hr)

A1s

B1s

Ci1s

D1s

E1s

F1s

15

10

1

15

ol K~ =] 0O

Table 2.1: Groups of electrospun 10% (Group A15-C15) and 5% (Group D1s- F1s)
gelatin B in 1,1,1,3,3,3 hexafluoro-2-propanol nanofibrous scaffolds at different

parameters. Subscripts on sample ID’s refer to kV used.
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Figure 2.1: Scanning electron microscopy images (SEM) of electrospun
scaffolds with (A) random fiber orientation (B) aligned fiber orientation (C)

gridded fiber alignment and (D) tubular morphology.
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2.1.2 Characterization of Nanofibrous Scaffolds: Morphological
Characteristics, Degree of Swelling, Degradation Rate and Cytotoxicity

21.21 Evaluation of Fiber Morphology as a Function Of
Electrospinning Parameters

Scanning Electron Microscopy (SEM) was utilized to evaluate fiber orientation and
morphology of electrospun scaffolds as a function of electrospinning parameters,
such as N-t-C (cm), electric potential amplitude (kV), feed rate (ml/hr), electrode
polarity (+/-) and polymer concentration (wt%). Briefly, said parameters were
varied and 500pL of electrospun polymer was collected, crosslinked, cut to 1cm x
1cm (dimensions) and imaged at 12kV (Table 2.1). The dimensions of the fibers
were assessed by evaluating 20 random individual fibers from 3 SEM images using
Imaged software (Table 2.1, Figure 2.1). Fiber orientation and alignment was
determined by edge-based image processing techniques as described by Montero

et al. (82)

21.2.2 Effect of Crosslinking on Scaffold Morphology, Swelling and
Degradation

Nanofibrous scaffold topographical characteristics were assessed as a result of
the crosslinking conditions utilizing SEM. Briefly, both aligned and random
scaffolds were electrospun under parameters B1s and crosslinked with
glutaraldehyde vapor for one hour. Subsequent to crosslinking and washing, 3
SEM images per group were assessed for changes in fiber diameter and

morphology utilizing ImagedJ.
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Degree of swelling was evaluated as a function of crosslinking time. Electrospun
scaffolds were crosslinked with glutaraldehyde vapor, washed with glycine and
PBS, and then submerged in Di H20 for 24 h to allow for complete swelling.
Scaffolds were then weighed and their wet weights were recorded (Ww).
Subsequently, wet scaffolds were placed in a vacuum oven and allowed to dry for
1 h at 25in Hg and 60 °C. After complete drying, scaffolds were weighed and their
weight recorded as dry weight (Wa). Degrees of swelling were calculated with the

following formula:

Furthermore, over a period of one week in a simulated biological fluid, degradation
profile of electrospun scaffolds was evaluated as a function of GA crosslinking time
(Range 1 to 24 hours). Briefly, crosslinked scaffolds were washed with glycine and
PBS and their initial dried weight was recorded following by vacuum drying (25in
Hg, at 50° C) for 1 hour. Scaffolds were placed in a 0.1mg/mL collagenase solution
(Collagenase type | Calbiochem Cat# 234153) and weight loss was recorded at

specified time points.
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2.1.2.3 Growth Factor Gradient Inmobilization and Formation

To determine the effect of scaffold design in controlling spatial-temporal VEGF
delivery and promoting vessel development and patterning, we have established
a protocol to physically immobilize VEGF with different cytokine gradients (Figure
2.2). As proof of concept we have immobilized FITC-albumin within the electrospun
scaffolds and assessed gradient distribution of the protein utilizing fluorescent
microscopy (Figure 2.3). Each scaffold region from left to right has a higher
concentration of FITC-albumin with the highest being at the left section and the

lowest at the right.

O

D VEGF

|:| Scaffold

Figure 2.2: Diagrammatic representation of scaffold preparation and cell
seeding.
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Figure 2.3: FITC-Albumin gradient distribution within gelatin electrospun
scaffolds. By physically entrapping FITC-albumin we were able to immobilize
a gradient of albumin concentration. Fluorescent images demonstrate that from
left to right the concentration of FITC-albumin within the gelatin construct is
decreased.

21.24 Growth Factor Release Profile

To assess release profiles, a 10ul aliquot of 10ng/ml model protein (FITC-albumin)
solution was physically entrapped within the electrospun scaffolds. Subsequently,
scaffolds were then submerged in PBS for 24 hours and data points were collected
at 1, 5,15,30 and 60 min, and 24 hours. Samples were then diluted and analyzed
as per protocol on a Beckman Coulter Plate Reader reading absorbance values at
450nm wavelength. This was performed in order to ensure the entrapped
biomolecule was being released from the scaffolds in a time dependent manner
and to evaluate release profile differences dependent on scaffold topography (i.e.

random vs. aligned).
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21.2.5 Evaluation of Cell Proliferation and Morphology as a Function
of Scaffold Architecture and Growth Factor Immobilization Pattern

Gelatin is a natural material that has been utilized for several tissue engineering
applications with minimum cytotoxicity [74,102]. The ability of cells to successfully
adhere and proliferate was evaluated as a function of scaffold characteristics.
Briefly, random and aligned scaffolds were adhered to the bottom of a 12- well
plate utilizing fibrin glue. VEGF (10ng/ml) was physically entrapped on the scaffold
for 20 min. HUVECs (Passages 2-4) were then seeded (50,000 cells/scaffold) and
allowed to attach for 20 min @ 37 °C. Following cell attachment, each well was
supplemented with 2 mL EGM-2 media (Lonza AG, Rockland, ME) and incubated
at 37 °C and 5% CO: for 5 days. Subsequent to incubation, live cells were stained
with 100 pL per well of 0.1 mg/mL calcein AM to assess cell density and
morphology. To evaluate HUVEC proliferation on nanofiber scaffolds we utilized a
Click-iT® EdU Kit (Invitrogen, Carlsbad, CA). Images of each scaffold were
captured and then processed utilizing Imaged and an add-on (Cell Counter)

software.

2.2 Results and discussion

2.2.1 Scaffold Morphology as a Function of Electrospinning
Parameters

Cell adhesion, proliferation, and differentiation have been shown to be significantly

influenced by scaffold characteristics (e.g. fiber diameter and morphology) [83].

Several studies have demonstrated both cellular attachment and infiltration are

predominantly affected by scaffold pore size and by individual fiber morphology
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[84]. Herein, we evaluated the effect of electrospinning parameters (i.e. voltage,
needle to collector distance, etc.) on scaffold fiber dimensions and orientation.
Briefly, scaffolds were electrospun under a set of conditions in which gelatin
concentration (5% or 10%), voltage amplitude (15kV or 20kV), needle-to-collector
distance (10cm or 15cm), and feed rate (1, 4, or 8mL/hr) were varied. Fiber
dimensions were determined using scanning electron microscopy. Results
demonstrated, fiber diameters ranged from 0.15um to 2um and uniform nanofiber
distribution was only achieved at specified fabrication conditions; electrospun
scaffolds prepared under parameters B1s (15kV, 10cm N-t-C, 4mL/hr feed rate)
were highly uniform with 70% of their fiber diameter ranging between 750-850nm
(Figure 2.4 A and B). In contrast, when the N-t-C was increased to 15 cm and the
feed rate to 8 mL/hr (Table 2.1, F15) the fiber diameters of electrospun scaffolds
ranged between 150-2000nm (Figure 2.4 C and D). Scaffolds prepared under the
conditions described in B1s (15kV, 10cm N-t-C, 4mL/hr feed rate) were utilized for

the remainder of the described studies.

2.2.2 Effects of Crosslinking on Scaffold Morphology, Swelling and
Degradation

Crosslinking methods utilized to control mechanical properties of tissue
engineering scaffolds can considerably affect fiber morphology as well as scaffold
architecture, which in turn can influence cellular behavior [85]. To tailor
physicomechanical properties of gelatin scaffolds Glutaraldehyde vapor (GA) was
used as a crosslinking agent. Briefly, electrospun scaffolds were crosslinked with

GA and allowed to be exposed to the GA vapor for different time frames. Results
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demonstrated, within one hour of GA crosslinking, scaffold architecture and fiber
dimensions were not significantly affected in both aligned (1 £ 0.3um to 1 £ 0.2um)
or random (0.58 = 0.15um to 0.83 £ 0.14um) fiber scaffolds (Figure 2.5). There
was a linear relationship between scaffold swelling and crosslinking time from 1 to
2 hours. Once crosslinking time exceeded two hours, small differences in degree
of swelling were observed. Scaffolds crosslinked for 60, 90, 120 minutes, and 24
hours had degrees of swelling of 11.26 + 0.68, 6.23 + 0.26, 3.94 + 0.67, and 2.32
+ 0.48 respectively (Figure 2.6A).

2.2.3 Growth Factor Release Profile

Studies have demonstrated swelling profile differences among aligned and
random fiber scaffolds, could influence cytokine release and loading profiles [86-
88,103]. We determined there was a 33% increase in the amount of a model
protein (FITC-albumin) released from aligned scaffolds in comparison to the
amount that was released from random scaffolds over a period of 24hrs in vitro

(Figure 2.7B).

Figure 2.4: (A) Representative SEM image used to assess fiber diameters.
Results yielded 5% of fibers diameters between 0.95-1.0um, 20% between
0.85-0.95um, 70% between 0.75-0.85um, and 5% between 0.65-0.75um in
diameter. (B) Representative SEM image used to assess fiber diameters.
Results yielded 15% between 1.5-2um, 15% between 0.95-1.5um, 10%
between 0.55-0.65um, 10% between 0.45-0.55um, 10% between 0.35-0.45um,
30% between 0.25-0.35um, 10% between 0.15-0.25um in diameter.
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Figure 2.5: Changes in scaffold architecture and fiber dimensions as a
function of glutaraldehyde crosslinking. Randomly deposited nanofibrous
scaffolds (A) prior to crosslinking and (B) after crosslinking. SEM images of
scaffold prior to crosslinking (C) and after crosslinking (D) used for assessing
fiber diameters and morphology are shown. Crosslinking of 10% gelatin B
nanofibers was achieved via glutaraldehyde vapor from a 25% GA solution at
2mL per 500uL of electrospun gelatin for one hour. (E) Bar graph of fiber
diameters from all conditions, i.e. aligned not crosslinked, random not
crosslinked, aligned crosslinked, and random crosslinked. Measurements were
taken from three SEM images per condition, and twenty fibers per image.
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2.2.4 Cell Proliferation and Morphology as a Function Of Scaffold
Architecture and Growth Factor Gradient

Several authors have demonstrated tissue engineering construct parameters (i.e.
morphological characteristics, fiber alignment, GF gradients) can significantly
influence cellular behavior [88]. Preliminary results demonstrated HUVECs
adhered successfully onto 3-D electrospun gelatin B scaffolds (Figure 2.8). Briefly,
cell density on the surface of the gelatin scaffolds was determined to be 158 + 11
cells/mm? while at the control groups (2-D culture plates) was determined to be
320 + 152 cells/mm?. Subsequently, we evaluated the effect of nanotopographical
cues and VEGF gradients immobilized onto gelatin nanofibrous scaffolds on
HUVEC alignment, density and proliferation. We identified nanofiber alignment
(random vs. aligned) had a pronounced effect on individual cell morphology (Figure
2.9).

HUVECs responded to aligned scaffold morphology through elongation and
organization parallel to the nanofibers (Figure 2.9B). Conversely, cells seeded on
random fiber scaffolds exhibited a rounded morphology, lower proliferation rates
and reduced migration (Figure 2.9C). This cellular response of HUVECs to aligned
or random fibers is in concord with our previous studies [102] and several others
[100,104-108]. Nanoscopic topography is known to influence cell behavior and
morphology via contact guidance [83,84,109,110]. This difference in cellular
response could be a result of gap size between fibers; the larger the gaps between
fibers the less cell-cell interactions will occur, hindering cellular processes [85].
Aligned fibers presented cells with smaller gaps between fibers and increased

surface area which allowed for HUVECs to attach and spread more easily
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compared to random fibers. This cell infiltration was evident from fluorescent
microscopic images taken at various scaffold depths in the random fiber orientation
groups, while minimum infiltration was observed in the aligned nanofibrous
scaffolds. Similar findings on the effect of fiber orientation of electrospun scaffolds

on pore size and cellular infiltration have been reported by others [85,90].

C D

Figure 2.8: HUVEC proliferation as a function of scaffold topography —
Aligned versus Random. Assessment was performed after 5 days in culture
using a calcein AM stain and fluorescent microscopy. Representative
fluorescent images (10X magnification) of cells growing on 2-D wells (A and B)
and electrospun scaffolds (C and D) with random fiber orientation loaded with
10ng/mL of VEGF.
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Figure 2.9: Cytoskeleton arrangement of HUVECs on electrospun gelatin
scaffolds. (A & D) Bare well, (B & E) Aligned fiber orientation, and (C & F)
Random fiber orientation (A, B, and C all taken at 20X magnification while D, E,
and F taken at 40X magnification). 10,000 cells were added to each well
containing scaffolds (1 cm diameter, 24-well plates) and the cells were incubated
at 37 °C/5 %CO: for 5 days. Following incubation, the cells were stained with
Alexa Fluor 488 Phalloidin and DAPI per manufacturer’s protocol, and the cell-
scaffolds were imaged with a fluorescent microscope to assess the effect of the
scaffold’s fiber orientation on cell morphology.

We also found that in addition to fiber architecture, HUVEC behavior was also
dependent on growth factor growth factor delivery profile. Results demonstrated
cells migrated up the VEGF concentration gradient, yielding to higher cell
densities, and changes in cellular morphology and proliferation rates (Figures
2.10). The number of HUVECs that migrated (Figure 2.10A) up the VEGF gradient
after 14 days of incubation was of 298 + 13.4 cells/mm? in the case of aligned
constructs while for the randomly orientated constructs it was of 158 + 11 cells/
mm? (p<0.05). HUVECS resulted in higher proliferation rates (Figure 2.10B) when

cells were cultured on aligned fibers (14.8 + 5.19 cells/ mm?) compared to 10.2 +
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4.11 cellss/ mm? when seeded on random fibers (p<0.05). Studies have
demonstrated migration of endothelial cells and sprouting vessels are dependent
on VEGF gradient shape [100]. Cells cultured on exponential gradients show
increased chemotactic response and directed capillary growth [86,100] compared
to linear gradients [87]. Additionally, the combination of aligned fiber scaffolds and
VEGF gradients enhanced cellular responses, resulting in higher cell densities and
cellular elongation which lead to higher cell-cell interactions and contact guidance.
In conclusion, HUVEC behavior was influenced by nanotopographical changes
and VEGF gradient. Cells cultured on aligned fiber scaffolds in combination with
VEGF gradients displayed significant changes and differences in proliferation, cell

density and morphology compared to cells seeded on random fiber constructs.

Cell number/ mm?

0 7 14
Time (Days)
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Figure 2.10: Cell density and proliferation as a function of scaffold
topography. Number of cells that migrated up the concentration gradient was
higher when HUVECs were seeded on aligned fiber scaffolds (A) (*p<0.05).
Scaffold morphology influences cell proliferation. HUVEC proliferation (B) was
reduced when cultured on random fiber scaffolds (p>*0.05).

2.3 Conclusions

In this study, we described a novel electrospinning approach to fabricate VEGF-
loaded nanofibrous scaffolds with patterned fiber architecture and assessed their
ability to direct cellular behavior. Electrospun gelatin scaffolds with variable fiber
orientation, dimensions and rate of degradation were produced by controlling the
fabrication parameters (i.e. needle-to-collector distance, electric field, electrode
polarity, glutaraldehyde crosslinking, etc.). HUVEC behavior was influenced by
nanotopographical changes and VEGF gradients. Cells cultured on aligned fiber
scaffolds in combination with VEGF gradients displayed significant changes and
differences in proliferation, cell displacement and morphology compared to cells

seeded on random fiber constructs. These results suggest the combinatory effect
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of electrospun aligned fiber scaffolds, VEGF gradients and HUVECs could be a
potential tissue engineering approach to direct vascular patterning. This is
particularly important since the formation of new vessels in response to pro-
angiogenic growth factor stimulation or matrix rearrangement is associated with
the activation of quiescent endothelial cells which in part involves changes in cell
morphology (i.e. elongation) and the formation of new contacts with the underlying

substrate [39].



CHAPTER 3: DETERMINE THE EFFECT OF VEGF RELEASING
ELECTROSPUN SCAFFOLDS ON CELLULAR BEHAVIOR (LE.
PROLIFERATION AND MIGRATION) IN VITRO

Tissue and organ (i.e. blood vessels, nerves, bone) development [99-102] often
arise from the spatially and temporally tuned growth factor delivery profile.
Angiogenesis is one of these types mechanisms controlled by an intricate cascade
of events. The formation of mature new vascular networks are initiated by pro-
angiogenic growth factors such as vascular endothelial growth factor (VEGF)
mediated by different types of endothelial cells (i.e pericytes, smooth muscle cells)
[104,105]. To regulate vessel density, size, and distribution to pattern vascular
networks, VEGF and its isoforms [106], and other angiogenic growth factors act in
spatial-temporal gradients. Spatial control over angiogenesis is especially
important since unguided vessel growth may lead to incorrect vascular patterning,
vessel instability and poor network functionality [107].

The biological mechanisms of angiogenesis suggest that strategies to develop new
blood vessels may benefit from tailored spatial-temporal delivery of cytokines
[108,109]. Traditionally, therapeutic angiogenic approaches for ischemic diseases
(e.g. coronary artery disease, peripheral vascular disease) have focused on
delivering bolus injections of single growth factors however; the lack of control over
growth factor availability using this approach has limited its clinical success
[108,109]. The need for spatial-temporal growth factor delivery strategies have
been addressed by immobilizing single growth factors on substrates [18,31,33] or
by encapsulating them in delivery vehicles [33,73,74]. However, with these

approaches, the sustained and patterned release of

46
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bioactive molecules remains a challenge. Therefore, we have electrospun
scaffolds with different architectures that allow localized and sustained delivery of
VEGEF in distinct spatial distributions to evaluate vessel formation as a function of
substrate characteristics. However, growth factor spatial-temporal delivery alone
may not stimulate mature vessel development and subsequent patterning. The
addition of endothelial cells (i.e. HUVECs or EPCs) may entice scaffold
vascularization more effectively.

We previously described the synthesis of gelatin electrospun scaffolds for guided
angiogenesis [102]; results demonstrated HUVEC morphology and orientation
were affected by fiber orientation and growth factor growth factor delivery profile.
Although HUVEC behavior was influenced by construct characteristics, tube-like
structures were not well defined. Studies have demonstrated that although EPCs
have undergone differentiation, they still possess properties of immature cells, thus
suggesting greater angiogenic capabilities compared to mature endothelial cells
(i.e. HUVECSs) [88-90].

The goal of this aim is to determine the proper balance between physical (i.e.
electrospun scaffold fiber architecture) and chemical (i.e. VEGF) cues for the
purpose of achieving optimum EPC or HUVEC attachment, proliferation and
migration within electrospun scaffolds. With a suitable balance, in conjunction with
scaffold- cell (EPCs-HUVECS) interaction we can recreate vasculature networks

by organizing cells into specific patterns.
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3.1 Experimental Approach

3.1.1 Live imaging design and setup mechanism

To evaluate cellular behavior in real time we tailored our own microscope stage
incubator. This system is composed of two subsystems, a well plate incubator
system (Appendix 1) and a visualization system. Our well plate incubator is

composed by a chamber, control unit, preheating module and humidifying module

(Figure 3.1).

2) Control Unit 4)Humidifying Module

1)Chamber
3)Pre-heating module

Figure 3.1: Diagrammatic representation of well plate incubator
components

This system regulates chamber temperature, CO2 and humidity. Briefly, chamber
temperature is regulated by the combined action of two controllers acting on the
power dissipated by the electric resistances, embedded both in the base and in

the lid of the incubating chamber. COz2 levels are maintained constant by mixing
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CO2 with air in the control unit, this mixture is continuously fed into the incubating

chamber to control medium pH. Finally, the humidifying module helps prevent

medium evaporation and avoid water condensation on glass and plastic surfaces.

Figure 3.2 shows how the system is connected.
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Figure 3.2: Diagrammatic representation of well plate
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Our visualization system is composed of Motic inverted microscope equipped with
epi-fluorescence. A CCD camera is utilized to capture images and for time-lapse
video. In order to obtain live cell images we place the chamber from our well plate
incubator on top of the microscope’s stage (Figure 3.3). Once situated properly our

motic camera software is initiated and time-lapse video is obtained.

Figure 3.3: Diagrammatic representation of chamber placement

3.1.2 HUVEC and EPC cell culture

HUVECs were obtained from Lonza (Rockland, ME). Cell culture was maintained
at 37°C and 5% CO:z in endothelial basal media -2 (EBM-2, Lonza AG, Rockland,
ME) supplemented with SingleQuotes growth factors. EPCs (Promocell, Germany)
were processed according to manufacturer specifications, followed by seeding on

type | collagen-coated plates. Cells were expanded in Endothelial Progenitor



51

Medium - Ready to use - (Promocell, Germany) and maintained at 37°C and 5%
CO2. Atday 4 cells were passaged, seeded on type | collagen coated plates and
cultured in EBM-2 (Lonza AG, Rockland, ME) supplemented with SingleQuotes

growth factors. Passages 2-4 were utilized for all experiments.

3.1.3 Cell density and tubular formation as a function of time and scaffold
morphology

Scaffolds were synthesized as previously described [102]. Random and aligned
scaffolds were adhered to the bottom of a 12- well plate utilizing fibrin glue. VEGF
(10ng/ml) was physically entrapped on the right side of the scaffold for 20 min.
EPCs or HUVECs were then seeded (50,000 cells/scaffold) on the left side and
allowed to attach for 20 min @ 37 °C (Figure 2.2). At day 7 and 14 scaffolds were
stained with CalceinAm (Invitrogen, Carlsbad, CA) to assess cell density per unit
area and tubular formation. Subsequently, images of each scaffold were captured
utilizing a Motic AE 20/21 microscope (VWR, Radnor, PA) with a 4X-10X objective.
To ensure each scaffold was observed in its entirety 15 images were taken per
construct. The number of images per scaffold was defined as a function of total
scaffold area (2 cm?) and microscope field of view (diameter 0.26 cm). To measure
cell density per unit area we uploaded the images to ImagedJ (NIH, Bethesda, MD)
and utilizing particle analysis we determined the number of cells. To assess tubule
length and number we identified and selected 5 cell clusters from where tubule
growth was apparent and took measurements utilizing the measurement analysis
tool from Image J. The total number of measurements was averaged to determine

the overall tubular length per scaffold.
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3.1.4 Cell proliferation as a function of time and scaffold morphology

EPC and HUVEC proliferation on nanofiber scaffolds was evaluated utilizing a
Click-iT® EdU Alexa Fluor® 488 Imaging Kit (Invitrogen, Carlsbad, CA). Both types
of cells were incubated with 10ul of EdU for 48 hrs subsequent to seeding on
nanofibrous constructs. Cells were then fixed and permeabilized followed by the
addition of the Click-iT® reaction cocktail. Images were taken to evaluate cell

proliferation as a function of nanotopography and VEGF gradients.

3.1.5 Cell Migration Evaluation

Prior to cell seeding onto scaffolds, both EPCS and HUVECs were transfected with
CellLight® Reagent *BacMam 2.0* (Baculovirus) following manufacturer’s
(Invitrogen, Carlsbad, CA) protocol. Subsequently, random and aligned scaffolds
were placed on glass bottom dishes, VEGF (10ng/ml) was physically entrapped
on the right side of the scaffold for 20 min. Transfected EPCs or HUVECs were
then seeded (50,000 cells/scaffold) onto the left side of the scaffold and allowed
to attach for 20 min @ 37 °C. Cells were incubated for 24 hrs before beginning
time lapse imaging. Images were collected at 10min intervals for 24 hrs utilizing a
Motic AE 20/21 microscope equipped with a stage incubator (OKO labs, Warner
instruments, Hamden, CT). Cell migration was quantified manually by tracking the
coordinates of 25 migrating cells using Motic Plus 2.0 software. Average migration
velocity (Vmig ) was calculated equation (a) The effective displacement (Dmigerr) due
to migration was calculated using equation (b). Additionally, using Image J plugin

chemotaxis and migration tool (NIH- IBIDI, Bethesda, MD) cellular migration paths
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were delineated and animated by manually tracking 3 cells per group over 25

successional coordinates.

(a) Average migration velocity (Vm)

Vo= v —x-1)? + (Vi — Yi-1)?
m — n
i=1 t;

(b) Displacement due to migration

Dmig.eff = \/(xfin - xo)z + (yfin - yo)z

3.1.6 Cell morphology

Images of cells were taken at 10X magnification to evaluate circularity at day 7 and
14. Perimeter and area measurements were calculated utilizing Imaged software.

Circularity was evaluated using formula below (c).

(c) Circularity

41A
= F

A is the approximate area of the cell and P is the perimeter of the cell. Circularity
is described as a measurement that ranges between 0 and 1, where 0 < C <1 (In

an elongated shape C — 0 and in a circle C —1).
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3.1.7 Immunohistochemistry

Cells were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100
in PBS and stained for endothelial cell markers and cytoskeleton structure. Primary
antibodies utilized were: anti-von Willenbrand Factor (Sigma) and anti- vascular
endothelial cadherin (Chemicon). Subsequently cells were washed and incubated
in their respective secondary antibodies: Alexa Fluor® 647 Goat Anti-Mouse IgG
(H+L)- VE Cadherin (Invotrogen) and fluorescein F(ab’) fragment goat anti-rabbit
IgG (H+L)- von Willenbrand Factor. Subsequently cells were viewed using a Motic
AE 20/21 microscope equipped with Motic Plus 2.0 software. Fluorescence
intensity was determined by using Imaged (NIH, Bethesda, MD). Photos were
converted to grey scale and in each picture five representative vessels were
selected. The integrated density (product of area and mean grey value) was
calculated for each selected area. Additionally, the mean average value was
subtracted from five background intensities per image (mean grey value background).
The average fluorescence intensity (mean grey value vessels) was calculated
(CFCT: integrated fluorescence density) whereby the total vessel area multiplied
with mean grey value background Was subtracted from the average fluorescence

intensity and summarized as the corrected total cell fluorescence.

3.2 Results and Discussion

In this study, VEGF concentration gradients were immobilized on nanofibrous
gelatin electrospun scaffolds to compare EPC and HUVEC behavior and their

angiogenic potential as a function of construct parameters (i.e. morphological
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characteristics, fiber alignment, VEGF gradients). We found that both EPC and
HUVEC behavior (adhesion, proliferation and migration) were highly dependent on
VEGF gradient presentation. After a 14 day period, average circularity (Figure 3.4)
showed both EPCs and HUVECs seeded on aligned fiber scaffolds had increased
alignment and elongation compared to cells seeded on random fiber scaffolds,
which displayed a rounded morphology (p<0.05) (Figure 3.4A and B). There was
no statistical significance when comparing gradient presentation to the controls
(Bare and constant VEGF). When cell types were compared, the average
circularity in all groups was reduced in EPCs in relation to HUVECs (Figure 3.4C
and D). This was particularly evident in groups where VEGF gradients had been
immobilized on aligned fiber scaffolds (Figure 3.4D) (p<0.05) where the average

circularity of EPCs was of 0.32 £ 0.06 and 0.40 + 0.12.
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Figure 3.4: EPC and HUVEC morphological response to nanotopography
and VEGF gradients (Circularity) (A) HUVECs (B) and EPCs cultured on
random and aligned fiber scaffolds modified with VEGF gradients exhibited
morphological changes. Both EPCs and HUVECs had reduced circularity when
cultured on aligned fibers (*p<0.05). Circularity differences were also observed
when cell types were compared, EPCs seeded on random fiber scaffolds (C)
and on aligned fiber scaffolds (D) had decreased circularity compared to
HUVECs.
Furthermore, the rate of cell migration and effective displacement was higher up
the VEGF concentration gradient in both cell types (Figure 3.5 -3.8). However,
EPC migration was improved on aligned and random nanofibrous scaffolds when
compared to HUVEC migration (Figure 3.6A and B). The average velocity of EPCs
cultured on aligned fiber constructs was 0.43 + 0.08 um/min, while for HUVECs it
was estimated at 0.34 + 0.05 pm/min (p<0.05). Similarly, migration on random

fibers was of 0.19 £ 0.02 um/min and 0.14 = 0.01 pm/min, respectively (p<0.05).

As shown in figure 3.6 C and D, topographical cues in combination with VEGF
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gradients also influenced cellular movement, HUVECs and EPCs migrated more
rapidly when seeded on aligned fibers (0.34 + 0.05 pym/min and 0.43 + 0.08
Mm/min , respectively) compared to random fibers (0.14 £ 0.01 ym/min and 0.19 £

0.02 pm/min, respectively) (p<0.05).

Results of effective displacement assessment demonstrated EPCs travelled
further than HUVECSs on both types of scaffolds (Figure 3.7 A and B). The effective
migration distance of EPCs and HUVECs on aligned scaffolds was of 843 + 137
Mm and 524 + 142 ym (p<0.05), respectively, while displacement on random fiber
scaffolds was of 351 + 124 ym and 319 = 120 um, respectively (p<0.05).
Furthermore, when comparing topographical characteristics, both HUVECs and
EPCs (843 £ 137 um and 351 + 124 um, respectively) had enhanced migration on
aligned fiber scaffolds compared to random fibers (524 + 142 ym and 319 + 120
pum, respectively) (p<0.05)(Figure 3.7 C and D). These results could indicate both
HUVECs and EPCs migrate in a linear fashion when seeded on aligned substrates,
however cellular migration path tracking demonstrated both types of cells migrated
based on random walk (Figure 3.8). Results show the angle of cell path dispersion
is smaller in aligned fiber scaffold groups (Figure 3.8 A and B) compared to those
seeded on random fiber scaffolds (Figure 3.8 C and D). Briefly, the random walk
dispersion angle of EPCs and HUVECs on aligned scaffolds was of 15° and 30°,
respectively, while on random fiber scaffolds the angle was of 55° and 65°,

respectively (Figure 3.8).
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Time (Hours)

Figure 3.5: Images of time-lapse video utilized for cell tracking. Cell
migration was quantified manually by tracking the coordinates of 25 migrating
cells. Quantification of cell movement between frames of a temporal stack was
obtained by utlizing manual tracking plugin from ImagedJ in order to obtain
migration paths (Figure 3.8) of each cell and then the data was exported to excel
to calculate velocity and displacement as a function of time.
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Figure 3.6: Migration velocity as a function of VEGF gradients and scaffold
topography. Cell migration was found to be up the VEGF concentration
gradient in all groups. HUVECS (A) and EPCs (B) seeded on aligned fiber
scaffolds showed higher migration rates compared to cell cultured on random
fiber constructs (*p<0.05). Migration velocity differences were also observed
when HUVECs were compared to EPCs, in both types of scaffolds (Random
(C) and Aligned (D)), EPCs migrated faster (*p<0.05).
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Figure 3.7: Effective displacement as a function of VEGF gradients and
scaffold topography. HUVECs (A) and EPCs (B) seeded on aligned fiber
scaffolds migrated further compared to cell cultured on random fiber constructs
(*p<0.05). Displacement differences were also observed when cell types were
compared, EPCs seeded on random fiber scaffolds (D) and on aligned fiber
scaffolds (E) had higher migration distances compared to HUVECs (*p<0.05).
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Figure 3.8: Cellular migration paths as a function of scaffold topography.
HUVECs (A) and EPCs (B) seeded on aligned fiber scaffolds migrated further
compared to cell cultured on random fiber constructs — HUVECs (C) and EPCs
(D, despite cell movement was in a random walk fashion. Yellow lines show the
angle of cellular path dispersion -- (A) 30° (B) 15° (C) 65 ° (D) 55°.
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In both types of cells, cell proliferation rate and cell density (Figures 3.9 and 3.10)
were a function of scaffold nanotopography and VEGF gradient. After 14 days of
incubation, the number of EPCs and HUVECs that migrated (Figure 3.9A and B)
towards the VEGF gradient was higher on aligned constructs (281 + 48 and 158.4
+ 11 cells/ mm?, respectively) compared to the randomly orientated constructs (320
+ 69.6 and 298.6 + 67 cells/ mm?, respectively) (p<0.05). Similar results were
observed when cell density on scaffolds with constant and gradient VEGF (Figure
3.9A and B) were compared to the control (Bare scaffold) (p<0.05). Moreover,
when comparing cell type (Figure 3.9C and D), EPC density (320 + 26
cells/mm? and 298 + 13.4 cells/mm?) was higher compared to HUVEC density
(280 * 24 cells/ mm? and 158 + 11 cells/ mm?) on both aligned and random fiber
oriented constructs. Although this behavior was observed in all groups, it was only
significant in constructs with VEGF gradients (Figure 3.9). Cell proliferation rates
(Figure 3.10) of EPCs seeded on aligned fiber scaffolds were increased in all
groups compared to cells seeded on random fiber scaffolds (p<0.05) (Figure 3.9B).
Similarly, HUVECs resulted in higher proliferation rates (Figure 3.10A) when cells
were cultured on aligned compared to random fiber scaffolds, however rates were
not significantly different. When cell types were correlated (Figure 3.10C and D),
EPCs were found to have higher proliferation rates in both types of scaffolds
compared to HUVECs (p<0.05), this was observed in all groups (Bare, Constant

VEGF and VEGF gradient).
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Figure 3.9: Cell density as a function of VEGF gradients and scaffold
topography. Number of cells that migrated up the concentration gradient was
higher when HUVECs (A) and EPCs (B) were seeded on aligned fiber scaffolds
(*p<0.05). Differences between HUVEC and EPC density were also observed.
EPCs density on both random (C) and aligned (D) fiber constructs was higher

compared to HUVEC density.
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Figure 3.10: EPC and HUVEC proliferation as a function of VEGF gradients
and scaffold topography. Scaffold morphology influences cell proliferation.
HUVEC (A) and EPC (B) proliferation was reduced when cultured on random
fiber scaffolds (p>*0.05). Proliferation rates were also found to be reduced in
HUVECs compared to EPCs when seeded on both random (C) and aligned (D)

fibers (*p<0.05).
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Scaffold architecture and the presence of a VEGF gradient affected EPC and
HUVEC sprouting. Capillaries were found to elongate up the VEGF concentration
gradient compared to surfaces containing a constant VEGF concentration. At day
7 tubules were apparent only in groups containing aligned fiber scaffolds (Figure
3.11A) which continued to elongate and align themselves parallel to the nanofibers
over a 14 day period. Furthermore, average tubule length (Figure 3.11B) over a 14
day period was found to be greater in scaffolds seeded with EPCs (485 + 29.4 um)
compared to HUVECs (256 + 63 ym). Similar HUVEC and EPC behavior was
observed when evaluating sprout number per unit area. At day 7 and 14 scaffolds
seeded with EPCs developed a higher number of capillaries compared to scaffolds
seeded with HUVECs (Figure 3.11C).Furthermore, the levels of protein expression
of markers such as VWF were found to be similar in both types of cell cultures

(Figure 3.12) and present in tubules formed within aligned fiber scaffolds.

VEGF gradients immobilized on nanofibrous scaffolds were investigated for their
effects on EPC and HUVEC behavior. Gradients of VEGF have been shown to
have potent chemotactic effects on endothelial cells compared to other types of
angiogenic growth factors (e.g. bFGF) [106]. Furthermore, synthesis of a 3D
polymeric scaffold in combination of gradients more accurately mimics native
ECM, thus eliciting cell behavior that is conductive to the formation of new tissue,

while providing spatial and temporal control of growth factor release [31,70,106].
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Figure 3.11: Effect of VEGF gradient and scaffold nanotopography on
tubular formation. Tubular development was observed only in cells seeded on
aligned fiber scaffolds (A). Vessel elongation differences were observed between
cell types (B). HUVECs were found to develop shorter vessels compared to EPCs
over a period of 14 days (*p<0.05). Number of vessels per unit area were
significantly different between cell types (C). HUVECs developed less number of
tubules per unit area compared to EPCs. Bar = 20um.
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Figure 3.12: EPC and HUVEC immunohistochemistry evaluating expression
of von Willebrand factor and VE-Cadherin as a function of VEGF gradients
and scaffold topography. Tubular formation was observed only in cells cultured
on aligned fiber scaffolds. The level of vWF (A) and VE-Cadherin (B) expression
was found to be similar in tubules developed from HUVECs and EPCs at day 14.
Corrected total cell fluorescence (CTCF) shows tubules are positive for vWF and
VECadherin staining in both groups. There were no significant differences in
staining intensity when comparing groups. CTCF is expressed and percentage of
protein expression per group.
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Studies have shown that both spatial presentation of cytokines [69,91,92] and
scaffold topography [85,93,94] dictate a plethora of cell responses and play a

major roles in neovascularization.

This study focused on the effects of nanotopographical cues and VEGF gradients
immobilized onto gelatin nanofibrous scaffolds on EPC and HUVEC proliferation,
migration, displacement, alignment and tubular formation. Results demonstrated
that scaffold morphology and VEGF gradients influenced cell behavior and tubular
formation over a period of 14 days. The observed cellular response of EPCs and
HUVECs to aligned or random fibers is in concord with our previous studies [102]
and several others [100,104-108]. Nanoscopic topography is known to influence
cell behavior and morphology via contact guidance [83,84,109,110]. We found
EPCs and HUVECSs responded to aligned scaffold morphology through elongation
and organization parallel to the nanofibers, increase in proliferation rates,
enhanced migration and tubular formation. Conversely, cells seeded on random
fiber scaffolds exhibited a rounded morphology, lower proliferation rates and
reduced migration. This difference in cellular response could be a result of gap
size between fibers; the larger the gaps between fibers the less cell-cell
interactions will occur, hindering cellular processes [85]. Aligned fibers presented
cells with smaller gaps between fibers and increased surface area which allowed
for EPCs and HUVECs to attach and spread more easily compared to random
fibers.

Moreover, cells migrating up the VEGF concentration gradient, yielding to higher

cell densities, and changes in cellular morphology, proliferation rates and tubular



72

formation. EPCs and HUVECs seeded on aligned fiber scaffolds modified with
VEGF gradients developed capillaries parallel to the fibers. In contrast, cells
seeded on random fiber scaffolds did not have apparent tubular growth. Studies
have demonstrated migration of endothelial cells and sprouting vessels are
dependent on VEGF gradient shape [100] and cell migration pathways
[91,104,111,112]. Cells cultured on exponential gradients show increased
chemotactic response and directed capillary growth [86,100] compared to linear
gradients [87]. This cellular behavior towards gradients in combination with
spatially constraining cells to follow specific paths, leads to an increase of coupling
of cells via cell-cell interactions, which have been found to govern directionality.
Cell migration has been often classified as a persistent random-walk and it is
characterized by cell velocity and directional persistence (i.e. how long the cells
tend to move linearly before changing direction). If directional persistence is high,
groups of cells are more likely to move in a correlated manner. This collective
migration is further enhanced by adhesive bonds between individual cells [113-
115]. This could explain why the combination of aligned fiber scaffolds and VEGF
gradients enhanced the formation of tube-like structures along the fibers.
Conclusively, an increase in migration velocity of both EPCs and HUVECs resulted
in higher cell densities and cellular elongation, which lead to higher cell-cell

interactions and contact guidance.

Another aspect that we investigated was whether EPCs behaved differently from
mature endothelial cells (i.e.HUVECs) when cultured on nanofibrous scaffolds

modified with VEGF gradients. Results demonstrated EPCs had increased
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elongation, proliferation, migration and tubular formation compared to HUVECs.
Studies have found EPCs are more sensitive to VEGF than HUVECs, due their
higher VEGF receptor (i.e. KDR) expression [95,96]. Thus, functions such as
migration and proliferation are increased in EPCs compared to HUVECs, which

would likely explain the differences in cellular behavior.

3.3 Conclusions

In this study, EPC and HUVEC behavior was influenced by nanotopographical
changes and VEGF gradients. Cells cultured on aligned fiber scaffolds in
combination with VEGF gradients displayed significant changes and differences in
proliferation, cell displacement and morphology compared to cells seeded on
random fiber constructs. Furthermore, HUVEC and EPC behavior was found to be
similar however, EPCs seeded on aligned fibers constructs modified with VEGF
gradients displayed longer tubules, higher migration velocities and increased
elongation on compared to HUVECs. These results suggest the combinatory effect
of electrospun aligned fiber scaffolds, VEGF gradients and EPCs could be a

potential tissue engineering approach to direct vascular patterning.



CHAPTER 4: DEVELOP EPC-SEEDED VASCULAR SHEETS AND
DETERMINE CAPILLARY FORMATION AND DIRECTIONALITY AS A
FUNCTION OF CONSTRUCT PARAMETERS AND CO-ADMINISTRATION OF
VEGF AND SDF-1A

In angiogenesis, activated endothelial cells degrade the basement membrane,
followed by migration, proliferation, alignment, tubular formation, and branching
creating anastomoses with neighboring vessels. Several cytokines are involved in
post ischemic angiogenesis, among these are VEGF and stromal cell-derived
factor-1 (SDF-1) [97,98]. Both SDF-1a and VEGF have been considered crucial in
EPC differentiation and migration [116]. Recent studies have shown SDF-1a has
the characteristic of binding specifically to only one type of receptor — CXCR4,
resulting in a potent chemokine that plays a role in targeted biological processes
[99] such as (a) migration, (b) chemotactic responses, (c) adhesion and (d)
secretion of MMPs and angiopoietic factors (e.g., VEGF) (115). Furthermore, SDF-
1a has been found to increase the adhesion of CD34* haematopoietic cells and
endothelial progenitor cells to VCAM-1, ICAM-1, fibronectin, collagen and
fibrinogen by activating cell surface integrins [117-120]. The contribution of SDF-
1a to cellular migration and adhesion has prompted investigators to study how
SDF-1a regulates the dynamics of angiogenesis and its potential therapeutic
applications. SDF-1a delivered locally as a free protein enhances EPC recruitment
into ischemic tissue resulting in increased angiogenesis [119,121]. Moreover,
SDF-1a expression is up-regulated in ischemic tissues, suggesting an SDF-1a
gradient is established thus facilitating progenitor cell mobilization and homing
[121]. Although studies utilizing SDF-1a alone have yielded promising results

[122], capillary formation has not been significant compared to combination
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therapies. Studies have demonstrated the co-administration of angiogenic growth
factors (i.e., VEGF, IGF, SDF-1a and Ang-1) significantly increase the size and
number of capillaries compared to the delivery of a single cytokine [31,123,124].
Sun et al. found that immobilizing a combination of VEGF, IGF, Ang-1 and SDF-
1a within a Dex/PEGDA hydrogel increased the size and number of vessels
compared to the delivery of a single cytokine (e.g. SDF-1a, VEGF). They also
demonstrated this synergistic effect between biomolecules was only present when

VEGF was delivered [123].

VEGF is a unique potent angiogenic factor that has a direct mitogenic actions
specific to endothelial cells, and is responsible for neoangiogenesis [46,100,125].
Although several cytokines work in conjunction to entice neovascularization, VEGF
and SDF-1a have been found to be key mediators of interactions between
angiogenic growth factors and chemokine-induced angiogenesis. There is
extensive evidence that demonstrates SDF-1a upregulates VEGF synthesis during
angiogenic processes [116,124,126], thus regulating migration, survival,

proliferation, and differentiation of endothelial cells.

The goal of this aim is to determine if the co-delivery of SDF-1a and VEGF in
combination with aligned electrospun scaffolds will provide the necessary cues to
entice EPC attachment, proliferation and migration within nanofibrous scaffolds

and promote vessel development and directionality.
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4.1 Experimental Approach

4.1.1 EPC cell culture

EPCs (Promocell, Germany) were processed according to manufacturer
specifications, followed by seeding on type | collagen-coated plates. Cells were
expanded in Endothelial Progenitor Medium - Ready to use - (Promocell,
Germany) and maintained at 37°C and 5% CO2. At day 4 cells were passaged,
seeded on type | collagen coated plates and cultured in EBM-2 (Lonza AG,
Rockland, ME) supplemented with SingleQuotes growth factors. Passages 2-4

were utilized for all experiments.

4.1.2 Cell density and proliferation as a function of VEGF and SDF-1a
delivery

To assess cellular density and proliferation as a function VEGF and SDF-1a the
following groups were evaluated (A) Scaffold alone (B) Scaffold with VEGF
gradient (C) Scaffold supplemented with SDF-1a (D) Scaffold with VEGF gradient
in combination with SDF-1a supplementation and (E) Bare well supplemented with

VEGF and SDF-1a (Figure 4.1).

Scaffolds were synthesized as previously described [102]. Briefly, aligned

scaffolds were adhered to the bottom of a 12- well plate utilizing fibrin glue and

VEGF (10ng/ml) was physically entrapped on the right side of the scaffold for 20
min (Groups B and D). EPCs were then seeded (50,000 cells/scaffold) on the left
side and allowed to attach for 20 min at 37 °C (All groups). Subsequently, groups

C and D were supplemented with a 10ng/ml solution of SDF-1a (Invitrogen,
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Carlsbad, CA). All groups were cultured in EBM-2 and maintained at 37°C and 5%

CO:a.
A B C D E
E Scaffold
SDF-1a
VEGF gradient

Figure 4.1: Diagrammatic representation of scaffold preparation and cell
seeding. (A) Bare scaffold (B) VEGF gradient (C) SDF-1a (D) VEGF gradient/
SDF-1a (E) Bare well supplemented with VEGF and SDF-1a.

At day 7 and 14 scaffolds were stained with CalceinAm (Invitrogen, Carlsbad, CA)
to assess cell density per unit area. Subsequently, images of each scaffold were
captured utilizing a Motic AE 20/21 microscope (VWR, Radnor, PA) with a 4X-10X
objective. To ensure each scaffold was observed in its entirety 15 images were
taken per construct. The number of images per scaffold was defined as a function
of total scaffold area (2 cm?) and microscope field of view (diameter 0.26 cm). To
measure cell density per unit area we uploaded the images to Imaged (NIH,

Bethesda, MD) and utilizing particle analysis we determined the number of cells.

EPC proliferation on aligned nanofiber scaffolds was evaluated utilizing a Click-
iT® EdU Alexa Fluor® 488 Imaging Kit (Invitrogen, Carlsbad, CA). EPCs were

incubated with 10ul of EdU for 48 hrs subsequent to seeding on nanofibrous
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constructs. Cells were then fixed and permeabilized followed by the addition of
the Click-iT® reaction cocktail. Images were taken to evaluate cell proliferation as

a function VEGF and SDF-1a delivery.

4.1.3 Capillary formation as a function of VEGF and SDF-1a activity

At day 7 and 14 scaffolds were stained with CalceinAm (Invitrogen, Carlsbad, CA)
to assess capillary number per unit area and length. Images of each group were
captured utilizing a Motic AE 20/21 microscope (VWR, Radnor, PA) with a 4X-10X
objective. To ensure each scaffold was observed in its entirety 15 images were
taken per construct. The number of images per scaffold was defined as a function
of total scaffold area (2 cm?) and microscope field of view (diameter 0.26 cm). To
assess tubule length and number we identified and selected 5 cell clusters from
where tubule growth was apparent and took measurements utilizing the
measurement analysis tool from Image J. (NIH, Bethesda, MD). The total number
of measurements was averaged to determine the overall tubular number and

length per scaffold.

4.1.4 Cell Migration Evaluation

Prior to cell seeding onto scaffolds, EPCS were transfected with CellLight®
Reagent *BacMam 2.0* (Baculovirus) following manufacturer’'s (Invitrogen,
Carlsbad, CA) protocol. Subsequently, aligned scaffolds were placed on glass
bottom dishes, Briefly, aligned scaffolds were adhered to the bottom of a 12- well
plate utilizing fibrin glue and VEGF (10ng/ml) was physically entrapped on the right

side of the scaffold for 20 min (Groups B and D). Transfected EPCs were then
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seeded (50,000 cells/scaffold) on the left side and allowed to attach for 20 min @
37 °C (All groups). Subsequently, groups C and D were supplemented with a
10ng/ml solution of SDF-1a (Invitrogen, Carlsbad, CA). All groups were cultured in

EBM-2 and maintained at 37°C and 5% CO2.

Cells were incubated for 24 hrs before beginning time lapse imaging. Images were
collected at 10min intervals for 24 hrs utilizing a Motic AE 20/21 microscope
equipped with a stage incubator (OKO labs, Warner instruments, Hamden, CT).
Cell migration was quantified manually by tracking the coordinates of 25 migrating
cells using Motic Plus 2.0 software. Average migration velocity (Vmg ) was
calculated equation (a) The effective displacement (Dmigerr) due to migration was
calculated using equation (b). Additionally, using Image J plugin chemotaxis and
migration tool (NIH- IBIDI, Bethesda, MD) cellular migration paths were delineated
and animated by manually tracking 3 cells per group over 25 successional

coordinates.

(a) Average migration velocity (Vm)

X = )+ (v — Yie1)?
N not.
i=1"

Vin

(b) Displacement due to migration

Dmig.eff = \/(xfin —X5)% + (yfin — Yo)?
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4.1.5 Cell morphology

Images of cells were taken at 10X magnification to evaluate circularity at day 7 and
14. Perimeter and area measurements were calculated utilizing Imaged software.

Circularity was evaluated using formula below (c).

(c) Circularity
4mA
-~ Pz

A is the approximate area of the cell and P is the perimeter of the cell. Circularity
is described as a measurement that ranges between 0 and 1, where 0 < C <1 (In

an elongated shape C — 0 and in a circle C —1).
4.1.6 Immunohistochemistry

Cells were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100
in PBS and stained for endothelial cell markers and cytoskeleton structure. Primary
antibodies utilized were: anti-von Willenbrand Factor (Sigma) and anti- vascular
endothelial cadherin (Chemicon). Subsequently cells were viewed using a Motic
AE 20/21 microscope equipped with Motic Plus 2.0 software. Fluorescence
intensity was determined by using Imaged (NIH, Bethesda, MD). Photos were
converted to grey scale and in each picture five representative vessels were
selected. The integrated density (product of area and mean grey value) was
calculated for each selected area. Additionally, the mean average value was
subtracted from five background intensities per image (mean grey value background).

The average fluorescence intensity (mean grey value vessels) was calculated
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(CFCT: integrated fluorescence density) whereby the total vessel area multiplied
with mean grey value background Was subtracted from the average fluorescence

intensity and summarized as the corrected total cell fluorescence.

4.2 Results and Discussion

In this study, we evaluated if the co-adminstration of VEGF gradients and SDF-1a
in combination with aligned nanofibrous scaffolds influenced EPC behavior and
their angiogenic potential. Results demonstrated EPC behavior (adhesion,
proliferation and migration) was highly dependent on the co-delivery of VEGF
gradients and SDF-1a. After a 14 day period, average circularity showed EPCs
cultured with VEGF gradients and SDF-1a had increased alignment and
elongation (0.28 + 0.012) compared to cells incubated with a single cytokine
(VEGF or SDF-1a) and to the control (p<0.05) (Figure 4.2). There was no statistical
significance when comparing single cytokine delivery, the average circularity for
EPCs cultured on VEGF gradients was of 0.36 £ 0.11 and of 0.33 £ 0.07 when

cultured with SDF-1a.

Furthermore, the over a 24 hour period the rate of cell migration of EPCs was
significantly higher (0.49 £ 0.083 pm/min) when VEGF gradients and SDF-1a were
co-delivered (p<0.05) (Figure 4.3). There were no significant differences in cell
migration when EPCs were incubated with a single growth factor. The average
velocity of EPCs cultured on VEGF gradients was 0.43 £ 0.08 pm/min, while for

EPCs supplemented with SDF-1 only it was estimated at 0.46 + 0.069 pm/min.
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Figure 4.2: EPC response to the co-administration of VEGF gradients and
SDF-1a (Circularity) EPCs cultured with VEGF and SDF-1a had reduced
circularity compared to cells incubated with a single cytokine (VEGF or SDF-
1a) (*p<0.05). There were no significant differences in groups incubated with a

This migratory behavior was not constant in all groups over the 24 hour period.
Initially, at 8 hours there was a velocity peak in all groups, this was particularly
evident in EPCs treated with SDF-1a only (0.53 £ 0.07 ym/min) (p<0.05). However,
this rate was not maintained; after 24 hours, migration velocity in SDF-1a treated
groups decreased significantly (0.42 + 0.06 um/min) compared to groups cultured

with VEGF gradients (alone or in combination with SDF-1a).

Results of effective displacement evaluation (Figure 4.4) demonstrated EPCs
travelled further when VEGF gradient was delivered alone or co-delivered with
SDF-1a (2135 + 118 ym) (p<0.05). The effective migration distance was of 1727

+ 132 ym when EPCs were incubated on VEGF gradients and 1947 + 134 ym
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when cells were supplemented with SDF-1a. As mentioned in chapter 3, these
results could indicate EPCs migrate in a linear fashion when seeded on aligned
substrates, however cellular migration path tracking demonstrated cells in all
groups migrated based on random walk (Figure 4.5). Results show the angle of
cell path dispersion is smaller (12 °) when VEGF gradients and SDF-1a are co-
administered (Figure 4.5 C) compared to single cytokine delivery (Figure 4.5 A and
B). Briefly, the random walk dispersion angle of was of 15° when EPCs were

seeded on VEGF gradients and of 20° when supplemented with SDF-1a.

In all groups, cell proliferation rate and cell density (Figures 4.6 and 4.7) were a
function of co-administration of VEGF gradients and SDF-1a. After a 14 days of
incubation, the number of EPCs that migrated towards the right side of the scaffold
was higher in groups treated with VEGF gradients and SDF-1a (407 + 28
cells/mm?) compared to cells incubated with a single cytokine (VEGF or SDF-1a)

and to the control (p<0.05) (Figure 4.6).
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Figure 4.3: Migration velocity as a function of the co-delivery of VEGF
gradients and SDF-1a. Cell migration velocity was found to be to be higher
when VEGF and SDF-1a was co-administered compared to single cytokine
delivery (*p<0.05). Migration velocity was not constant in all groups over a 24
hour period, migration velocity of EPCs treated with SDF-1a only increased
significantly after 8 hours (*p<0.05) compared to the other groups. After 16 hours
migration velocity of SDF-1a supplemented groups decreased significantly
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Figure 4.4: Effective displacement as a function of the co-delivery of VEGF
gradients and SDF-1a. EPC migration distance was found to be to be higher
when VEGF gradient was delivered alone and when VEGF gradient was co-
delivered with SDF-1a (*p<0.05). The increase in effective displacement was
similar in all groups. After 16 hours there was a 1.9 fold increase and after 24
hours the fold increase was of 1.5.
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Figure 4.5: Cellular migration paths as a function of co-administration of
VEGF gradients and SDF-1a. EPC migration distance was found to be to be
higher when VEGF and SDF-1a was co-administered compared to single
cytokine delivery (*p<0.05), despite cell movement was in a random walk
fashion. Yellow lines show the angle of cellular path dispersion of each group--
(A) VEGF gradient only -- 15° (B) SDF-1a only -- 20° and (C) VEGF gradient

and SDF-1a --12 °.
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There was no statistical significance when comparing single cytokine delivery, the
average number of EPCs per mm? was of 298 + 13.4 cells/mm? when cultured on
VEGEF gradients only and of 326 + 37 cells/mm? when supplemented with SDF-1a
only. Cell proliferation rates (Figure 4.7) of EPCs were increased in all groups
compared to the control (Bare scaffold) (p<0.05). EPC proliferation rates were not

significantly different among groups treated with cytokines.
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Figure 4.6: Cell density as a function of co-delivery of VEGF gradients and
SDF-1a. The number of EPCs that migrated towards the right side of the scaffold
was higher in groups treated with VEGF gradients and SDF-1a compared to cells
incubated with a single cytokine (VEGF or SDF-1a) (*p<0.05).
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Figure 4.7: EPC proliferation as a function of co-administration of VEGF
gradients and SDF-1a. EPC proliferation was reduced when incubated without
cytokine supplementation (p>*0.05). Proliferation rates were not statistically
significant among groups treated with cytokines (single or co-delivered)
(*p<0.05).
Tubular growth was apparent among all groups evaluated (Figure 4.8). At day 7
tubules began to elongate and align themselves parallel to the nanofibers,
however, at day 14 groups incubated with VEGF gradients alone (550 + 84 um) or
combined with SDF-1a (589 £ 94 pm) had increased elongation compared to
groups treated with SDF-1a alone (522 £ 55 ym). Average number of tubules per
unit area was significantly increased in groups treated with VEGF gradients alone
(7.3 £ 1.9 vessels/mm?) or combined with SDF-1a (8.0 + 1.6 vessels/mm?)

compared to groups treated with SDF-1a alone (7.3 * 1.9

vessels/mm?).Immunohistochemistry showed vVWF expression was similar among
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all groups. Conversely, VE-Cadherin expression was higher when VEGF gradient

was delivered alone and when VEGF gradient was co-delivered with SDF-1a

(*p<0.05). (Figure 4.9).
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Figure 4.8: Tubular formation as a function of co-administration of VEGF
gradients and SDF-1a. Tubular development was similar in all groups. At day
14 significant differences in elongation were observed in groups incubated with
VEGF gradients alone and with VEGF gradients co-delivered with SDF-1a
compared to these cultured with SDF-1a alone (A) (*p<0.05). Tubule number
per unit area was significant in groups treated with VEGF gradients alone and
with VEGF gradients co-delivered with SDF-1a compared to groups cultured
with SDF-1a alone (B). Images show examples of tubules in each group (C)
SDF-1a (D) VEGF gradient (E) VEGF gradients and SDF-1a. Bar = 20um.
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Figure 4.9: EPC and HUVEC immunohistochemistry evaluating expression
of von Willebrand factor and VE-Cadherin as a function of VEGF gradients
and scaffold topography. Tubular formation was observed only in cells cultured
on aligned fiber scaffolds. The level of vWF (A) and VE-Cadherin (B) expression
was found to be similar in tubules developed from HUVECs and EPCs at day 14.
Corrected total cell fluorescence (CTCF) shows tubules are positive for vWF and
VECadherin staining in both groups. There were no significant differences in
staining intensity when comparing groups. CTCF is expressed and percentage of
protein expression per group.
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The co-delivery of SDF-1a and VEGF gradients immobilized on nanofibrous
scaffolds were investigated for their effects on EPC behavior and angiogenic
potential. Because angiogenic growth factors are the main driving force of
neoangiogenisis, tuning and directing these cytokines have become critically
important [17,101,127,128]. Among these different cytokines, VEGF, which
regulates the migration, survival, proliferation, and differentiation of EPCs
[28,29,129,130] plays a key role in new blood vessel formation [44,47,68,101,130].
Additionally, SDF-1a further increases EPC mobilization and stimulates
angiogenesis [122,126,131]. Current applications have focused on the delivery of
a single growth factor [121,122]; however, blood vessel development requires a
finely tuned interplay between multiple signaling cues. This has lead studies to
evaluate the synergistic effect of co-delivering two or more growth factors on
vascular regeneration. The use of VEGF in combination with different cytokines,
especially SDF-1a has been shown to have potent chemotactic effects on EPCs
[106], not only by orchestrating migratory responses, but also play a significant role

in trafficking.

This study focused on the effects of SDF-1a and VEGF gradients immobilized onto
gelatin nanofibrous scaffolds on EPC proliferation, migration, displacement,
alignment and tubular formation. Results demonstrated that the co-delivery of
SDF-1a and VEGF gradients significantly influenced cell behavior and tubular
formation over a period of 14 days. The observed cellular response of EPCs was
found to be is in agreement with previous studies [116,119,124]. We found EPCs

responded to the co-admistration of VEGF and SDF-1a through elongation and
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organization parallel to the nanofibers, increase in cell densities, enhanced
migration and tubular formation. Conversely, cells cultured with a single cytokine
(VEGF or SDF-1a) exhibited a rounded morphology, lower cell densities and
reduced migration. This difference in cellular response could be a result of the
additive effect SDF-1 has on VEGF. Studies have found that EPCs after being
stimulated by SDF-1 secrete more angiogenic factors, especially VEGF
[17,116,124,131]. This crosstalk between EPCs, SDF-1a and VEGF contribute in
cell adhesion, migration through vascular basement membranes and

vasculogenesis.

Moreover, cells migrated successfully through the aligned fiber scaffolds however,
cell densities, migration velocities, displacement and tubular length were found to
be increased when SDF-1a and VEGF gradients were combined. Studies have
demonstrated migration of endothelial cells is dependent on cytokine type and
delivery profiles [87,91,104,132]. Kucia et al found that due to their synergistic and
additive effect, SDF-1a and VEGEF yield to higher EPC migration and homing in
areas where both cytokines are being delivered [122,126]. This EPC response
towards VEGF gradients and SDF-1a delivery in combination with aligned fiber
scaffolds could have led to an increase in cell migration velocities, thus enhancing
cell-cell interactions, increasing cell densities and effective displacement. As
mentioned in chapter 3, cell migration is described as a persistent random-walk
and it is characterized by how cells tend to move linearly before changing direction.
When groups were cultured either with VEGF gradients alone or with SDF-1a and

VEGF gradients, directional persistence was high leading to increased cell-cell
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interactions. VE-Cadherin (CD144) staining further confirmed the increase in cell-
cell interactions in all groups. Studies have shown positive VE-Cadherin staining
can be correlated to the presence of cell-cell junctions. VE- Cadherin is an
adhesion molecule that helps maintain and control endothelial cell contacts, in
addition to modulating VEGF functions [100,133,134]. This could explain why there
was enhanced formation of tube-like structures along the fibers. Conclusively, an
increase in migration velocity of EPCs as a result of the co-delivery of SDF-1a and
VEGF gradients yielded in higher cell densities and cellular elongation, which lead

to higher cell-cell interactions and contact guidance.

4.3 Conclusions

In this study, EPC was influenced by the co-delivery of SDF-1a and VEGF
gradients. Cells cultured with SDF-1a and VEGF gradients displayed significant
differences in cell migration velocities, displacement and morphology compared to
cells incubated with a single cytokine. These results suggest the combinatory
effect of electrospun aligned fiber scaffolds, SDF-1a, VEGF gradients and EPCs

could be utilized to direct neoangiogenesis and vascular patterning.



CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

In this study, we described a novel electrospinning approach to fabricate VEGF-
loaded nanofibrous scaffolds with patterned fiber architecture and assessed their
ability to direct cellular behavior. Electrospun gelatin scaffolds with variable fiber
orientation, dimensions and rate of degradation were produced by controlling the
fabrication parameters (i.e. needle-to-collector distance, electric field, electrode
polarity, glutaraldehyde crosslinking, etc.). To determine the angiogenic potential
of the nanofibrous scaffolds we evaluated parameters such as cell proliferation,
migration velocity, effective displacement, etc. Results from this assessment
helped us define the proper balance between physical (i.e. electrospun scaffold
fiber architecture) and chemical (i.e. VEGF) cues in order to achieve optimum EPC
or HUVEC attachment, proliferation and migration within electrospun scaffolds.

Results demonstrated, HUVEC and EPC behavior was influenced by
nanotopographical changes and VEGF gradients. Cells cultured on aligned fiber
scaffolds in combination with VEGF gradients displayed significant changes and
differences in proliferation, cell displacement and morphology compared to cells
seeded on random fiber constructs. Furthermore, we found EPCs seeded on
aligned fibers constructs modified with VEGF gradients displayed longer tubules,
higher migration velocities and increased elongation on compared to HUVECs.
Although results from the previous study were promising we decided to evaluate if
the combination of EPCs seeded on aligned nanofibrous scaffolds and the co-
adminitsration of VEGF gradients and SDF-1a would provide the necessary cues
to entice EPC attachment, proliferation and migration within nanofibrous scaffolds

and promote vessel development and directionality. Studies have shown several
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cytokines work in conjunction to entice neovascularization, VEGF and SDF-1a
have been found to be key mediators of interactions between angiogenic growth
factors and chemokine-induced angiogenesis. There is extensive evidence that
demonstrates SDF-1a upregulates VEGF synthesis during angiogenic processes
[116,124,126], thus regulating migration, survival, proliferation, and differentiation
of endothelial cells. Results demonstrated EPCs were influenced by the co-
delivery of SDF-1a and VEGF gradients. Cells cultured with SDF-1a and VEGF
gradients displayed significant differences in cell migration velocities,

displacement and morphology compared to cells incubated with a single cytokine.

These results suggest the combinatory effect of electrospun aligned fiber scaffolds,
VEGF gradients, SDF-1a and EPCs could be a potential tissue engineering
approach to direct vascular patterning. This is particularly important since the
formation of new vessels in response to pro-angiogenic growth factor stimulation
or matrix rearrangement is associated with the activation of quiescent endothelial
cells which in part involves changes in cell morphology (i.e. elongation) and the
formation of new contacts with the underlying substrate [39]. To further understand
this synergistic effect between aligned nanofibrous scaffold, VEGF gradients,
SDF-1a and EPCs in vivo evaluations were initially planned, however, we were not

able to complete animal studies because of funding issues.

This study can be further expanded by varying the different parameters utilized
and evaluating them as a function of angiogenic development. For example,

different VEGF and SDF-1a patterns can be immobilized on the nanofibrous
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scaffolds, cytokine immobilization methods (physical or covalent) can be tailored
to finely tuned biomolecule release and growth factor concentration can be
increased or decreased. This could provide us with additional understanding
angiogenic processes and help us develop tailored approaches for specific

pathophysiologies.
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Appendix |

Stage Incubator Protocol

The last review of this protocol was performed on: 11/13/2012 by Miguel

Quevedo and Ximena Vial

General Guidelines:

A.

System setup:

. Before anyting read the entire protocol and aquire permission from the

graduate student that you have been working with.

When planning to use the stage incubator the first thing that should be
done is to sign up online in the calendar (google calendar- When you start
a project that requiers the use of the stage incubator you will be granted
access).

Come in to the lab at your assigned time and prepare the experiment that
is going to be put in the incubator.

. Be CAREFUL with each component of the incubator...Parts are very

delicate and expensive...Remember that you are not the only person
utlizing the system. If you do not take care of the stage incubator and
damage it you may affect not only your work nut the work of others.
Failure to take care of the system wirl result in loss of privilages.

Make sure you have the following units as well as the CO:2 tank, Oz tank,
with their safety valves and pressure gauges (if something is missing
immediately notify Ximena Vial or the graduate student that you have
been working with so that the parts may be ordered):



1) UNITS

Electric incubating chamber plus the plate
adapter mounted on

Code: H301-EC, H301-EC-HG-LID and H301-EC-
[57mm]GS35BASE

Chamber temperature controller

Code: H301-TC1

Manual 2 Gas Mixer

Code: 2GF-MIXER

Humidifying module Temperature Controller

Code: H301-HMTC

Humidifying module

Air pump

o
By ,p"u

Code: OKO-AP

Code: H301-BC

Plate adapters

¥ H301-EC-12MWBASE
¥ H301-EC-24MWBASE

Connect the tubes and cables in the following manner:

2) Tubes and cables connection

This cable/tube

Connects the following
devices

In this way

Tubes D

CO, tank

®®
g

I
b AIR PUMP y

Tube E

Remember to place the Glass Bottle
into H301-HMTC and to fill it in with
distilled water. Check water lavel
from time to time.

Blue

to the
2GF-
MIXER

White end
to the 80°
connector
of the
Humidifier
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This cable/tube
devices

Connects the following

In this way

Tube H

Smaller
end
to the
Incubating

chamber

Bigger end to
the vertical
connector
of the
Humidifier

Cables from the Humidifying module
Temperature Controller
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This cable/tube
devices

Connects the following

.

Cables from the Electric I ncubating chamber

Cover cables to

T2/Heater 2

3) Usage of the Incubating chamber

IMPORTANT:

When you exchange plate adapters
on the incubating chamber few
parameters have to be changed in
the thermal controller H301-TC1,
Instructions to quickly do this are
listed in the operating manual, for
further support please feel free to
contact us,

The chamber riser is
needed only when using
plates higher than 17mm.
It can be removed if you
use petri-dishes for
instance, or if you need to
reduce the chamber’s
height to work with High
numerical aperture
condensors

7. If your experiment requires control of gas conditions at specific

parameters please read the following:
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CO, is mixed with air in the control unit and is continuously fed into the incubating chamber to control

medium pH. Upon request, a third gas can be fed into the incubating chamber.
Open the gas valves about 15 minutes before inserting the specimen in
the Micro Environmental

Chamber.

Two Flow Meters:

Target Gas Percentage Gas flow rate values to set

[%] [NI/min]

Air CO’Z Air C02 Total
95.00 5.00 0.80 0.04 0.84
95.00 5.00 1.00 0.05 1.05
95.00 5.00 1.20 0.06 1.26

Three Flow Meters:

Target Gas Percentage Gas flow rate values to set

[%] [NI/min]

Air/N2 | CO; | Oy Other Air/Na | CO; | Ox/Other | Total
1 |95.00 [ 5.00 | 0.00 0.80 0.04 | 0,00 0.84
2 |95.00 | 5.00 | 0,00 1.00 0.05 | 0,00 1.05
3 | 95.00 | 5.00 | 0.00 1.20 0.06 | 0.00 1.26
4 94.00 | 5.00 | 1.00 1.70 0.09 0.02 1.81
5 93.00 | 5.00 | 2.00 0.90 0.05 0.02 0.97
3 93.00 | 5.00 | 2.00 1.30 0.07 0.03 1.40
7 92.00 | 5.00 | 3.00 0.90 0.05 | 0.03 0.98
§ |92.00 | 5.00 | 3.00 1.30 0.07 | 0.04 1.41
9 91.00 | 5.00 | 4.00 .90 0.05 | 0.04 .99
10 | 91.00 | 5.00 | 4.00 1.10 0.06 | 0.05 1.21
11 | 90.00 | 5.00 | 5.00 .70 0.04 | 0,04 .78
12 | 90.00 [ 5.00 | 5.00 .90 0.05 | 0.05 1.00
13 | 90.00 | 5.00 | 5.00 1.10 0.06 | 0.06 1.22
14 | 89.00 | 5.00 | 6.00 0.90 0.05 | 0.06 1.01
15 | 88.00 | 5.00 | 7.00 0.90 0.05 | 0.07 1.02
16 | 87.00 | 5.00 | 8.00 0.90 0.05 | 0.08 1.03
17 | 86.00 [ 5.00 | 9.00 0.70 0.04 | 0.07 0.81
18 | 86.00 [ 5.00 | 9.00 1.00 0.06 | 011 1.17
19 | 85.00 [ 5.00 [ 10.00 0.70 0.04 | 0.08 0.82
20 | 85.00 | 5.00 | 10.00 1.00 0.06 | 0.12 1.18
21 | 84.00 | 5.00 | 11.00 0.80 0.05 | 0.1 0.96
22 | 83.00 | 5.00 | 12.00 0.80 0.05 | 0.12 0.97
23 | 82.00 | 5.00 | 13.00 0.70 0.04 | 0.10 0.84
24 | §2.00 | 5.00 | 13.00 0.80 0.05 | 0.13 0.98
25 | 81.00 [ 5.00 | 14.00 0.60 0.04 0.11 0.75
26| 80,00 [ 5.00 ] 15.00 0.60 0.04 0.12 0.76
27 | 79.00 | 5.00 | 16.00 0.60 0.04 | 0.13 0.77
28 | 78.00 [ 5.00 | 17.00 0.50 0.03 0.10 0.63
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4) Setting Gas Flowmeters

Open the valve of the CO2 tank and turn the Air pump on. Pressure after gas tanks has to be around 30 psi (2 bar).
Pressure after the pressure gauge regulator has to be about 15 psi (1 bar).

Regulate the flowmeters to obtain the desired relative quantity of Air and CO2. Suggested flowrates to obtain a gas
stream of Air+5%CQ02: 0.80 I/min for air and 0.04 I/min for CO2. If you use a single premixed tank of Air+5% CO2
(to be connected to the Air flowmeter) suggested flowrate is 0.8 I/min.

Air flow | Carbon dioxide Total gas stream Carbon dioxide
rate, |/mn | flow rate, I/min flow rate, I/min percentage
0.6 0.03 0.63 5
0.8 0.04 0.84 5 Optimal flow
1 0.05 1.05 5
1.2 0.06 1.26 5

8. Ask about the last time the stage incubator was calibrated for temperature
control and read the following:

The Okolab electrical stage incubation chamber is heated by miniaturized DC
electrical resistances at low voltage (24V). The specimen, contained in plastic or
glass support for cells culture, is maintained at 37.0°C thanks to a constant metal
warming up ensured by controllers designed. To ensure a specimen temperature
of 37.0°C both lid and base are maintained at a temperature that depends on the
ambient temperature and the cells culture support used (Multi-well plate ore Petri
dish). The chamber control temperature can work in two different modalities:

a) Chamber temperature feedback:

In this configuration, the thermocouple reads the temperature of the incubating
chamber. A careful calibration performed in our laboratories guarantees that
specimen temperature is maintained at the desired value. The advantage of this
solution is that the thermocouple is not visible since it is embedded into the
chamber.

b) Specimen temperature feedback:

In this configuration, the thermocouple is a thin flexible green wire that reads the
temperature of a reference well placed in the incubating chamber, very close to
the specimen. The advantage of this configuration is in the accuracy of the
temperature control. Simple manipulation is required to stick the thermocouple
into the reference well with some adhesive tape.

Calibration:

The calibration was performed, the first time, in the Okolab lab. The calibration
document shows the ‘calibration offset values’ (red) for every controller (see
Figure 18).



Once two years, it is suitable to perform the calibration. Use the fine
thermocouple sensor provided by Okolab, connected to T1 thermocouple

115

connectors as sensor. Use an accurate thermostatic water bath, set to 37°C , as

reference temperature.

e Set the Offset temperature to 0.

e Please, disconnect the cables.

¢ Insert the fine thermocouple sensor (this calibration sensor can be
provided by Okolab) into T1 connector

e Put the free end of the fine calibration sensor in the water bath (in steady

state and set at 37.0°C).

e Please, fix the thermocouple to a support in order to maintain a constant

position of the sensor in the warm water.
¢ Wait about 30 min to reach a stable temperature

e Register the temperature difference between the water bath temperature

(37.0°C) and the displayed “Temperature 1”.

e Calibration Offset 1 (@ T=37.0°C) = (T(water bath set to T=37.0°C) —

Temperature 1) for Temperature 1 > T (water bath)
or

Calibration Offset 1 (@ T=37.0°C) = - (T(water bath set to T=37.0°C) +

Temperature 1) for Temperature 1< T (water bath)

¢ Repeat the sequence for 30°C, 35°C, 40°C

e Calibration Offset 1 AVG = Average (Calibration offset 1 (@
T=37.0°C),(@ T=30.0°C), (@ T=35.0°C), (@ T=40.0°C))

¢ Insert this calibration value as COSTANT offset (PV BIAS) to add (or

subtract) in ‘Temperature 1’ PID.
e Please, after meter calibration, compare the temperature difference

between the water bath set point temperature (37.0°C) and the displayed

temperature 1.

e Substitute the new calibration value to the offset 1 AVG (then offset 2

AVG) reported in the Calibration document
e Repeat for T2, H.M. and alarm controller
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Water bath temperaturs [FC Mezsurec temperature T Azm [3C) | Calibration Dffzet Alarm [AVG)
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33
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4
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Tha offset UM. s
The offset Bam iz
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Figure 18: Calibration document, facsimile

In this configuration, the thermocouple reads the temperature of the incubating
chamber. If ambient temperature differs from 23°C more than 2°C or the support
plate changes, consider to modify the parameters of the controllers T1 and T2
(‘Secondary Offset’), in order to have the specimen at the correct temperature.
Notice that the parameters for the Humidifying Module heater (PID H.M.) are
constant. The calibration has been performed in the Okolab lab.

Notice the factory parameters depend on the plate adapter you order.

The default values are optimized for Tambient 23.0 £ 1.0°C and active Humidifying
Module heater. Anyway, the controllers PID T1 and PID T2 parameters do not
depend on Humidifying Module presence.

‘Secondary offset’ values are calculated with the following targets:
1. Specimen temperature 37 £ 0.3 °C

2. Avoid condensation on the lid glass

3. Improve the gas stream humidity level



In case you use ‘Specimen temperature feedback’ configuration, you need to
insert the following set of parameters in the controllers. Remember the
controllers parameters depend on cells culture support.

Standard 6 Well Plate

PIDT1

PID T2

PID H.M.

Set Point
(sv)

37.0

37.0

37.0

'Total Offset’= 'Secondary Offset’ + 'Calibration Offset’

(T:))&:;I Offset -4.2+Calibration Offset 1 (AVG)| ‘ -8.2+ Calibration Offset 2 (AVG) ‘ -3.0+ Calibration Offset H.M. (AVG)
controllers parameters

P 010.0 010.0 010.0

I 0240 0240 0240

d 0120 0120 0120

Ar 0060 0060 0060

t 0002 0002 0002

df i6 i6 i6

Standard 96 Well Plate

Table 1: Tampiens 23.0 £ 1.07C, standard 6 Well plate, with Humidify ing Module heater.

PIDT1 PID T2 PID H.M.
?:;}p"i“t 37.0 37.0 37.0
Total Offset’= "Secondary Offset’ + 'Calibration Offset’
-(r;':rijl Dffset -1.9+Calibration Dffset 1 (AVG) -5.9+ Calibration Offset 2 (AVG) -3.0+ Calibration Offset H.M. (AVG)
‘controllers parameters
P 020.0 020.0 020.0
I 0240 0240 0240
d 0120 0120 0120
Ar 0060 0060 0060
t 0002 0002 0002
df 16 16 16

#2 35mm petri dish and #1 glass slide

Table 2: Tampient 23.0 + 1.0C, standard 96 Well plate, with Humidif ying Module heater.

PIDT1 PID T2 PID H.M.
?::,}p"i“t 37.0 37.0 37.0
‘Total Offset’= "Secondary Offset’ + 'Calibration Offset’
'(I';:r,;l Dffset -2.0+Calibration Offset 1 (AVG) -6.0+ Calibration Offset 2 (AVG) -3.0+ Calibration Offset H.M. (AVG)
controllers parameters
P 010.0 010.0 010.0
I 0240 0240 0240
d 0120 0120 0120
Ar 0060 0060 0060
t 0002 0002 0002
df 16 16 16

Table 3. Tampien: 23.0 £ 1.0T, #2 35mm petri dish and #1 glass slid e, with Humidifying Modufe heater.
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Standard 6 Well Plate

FIC T1 = Specimen Temp. PIC T PID H.HL FILD Alam

St Polnt
[5%]
‘Total ffsat’= ‘Socondary Offset” + ‘Calibration Ofsot’

Total Offsct Calibration Offset 1 [AVG) | | B
iy —a) 5.5+ Calibration Offset 2 (AVG) 20+ Callbration Offsct HUM. [(AYGE )

ar.ae el 7.0

comtnolions parmmetors

F 050 o1 010.0
I arm 040 0240
d Q300 ki) 0120
Ar 000 Q00 D00
t 0010 OO D012
df ] ] 1b

Table 5: Tympan 23.0 £ 1.0%, sfandard & Well plate, with Humidify ing Module heafer.

Standard 96 Well Plate

FIC T1 = Specimen Temp. PID T PID HHL FLD Alam

St Poink
(SW)
‘Total ffsat’= ‘Socondary Offset” + ‘Calibration Ofsot’

T;"," Offest | Callbention Offsst '1;:""'5] |-|.n+ Calibration Offsct 2 (AVE) | -0+ Calibration Offsst HM_ (AVG)

370 3. 37.0

‘comtrolions parnmators

F a5 o100 020.0
ario 0240 0240

d Qo0 0250 0120

Ar Qo0 050 0040

t 0005 00 002

df o] o8 16

Table B Tampen 23.0 £ 1.0%, sfandard 96 Well plate, with Humidif ying Moduile heafer.

#2 35mm petri dish and #1 glass slide

PID T1 = Specimen Temp. FID T PID H.ML PLID Alarm

St Poink
(SW)
‘Total hffset’= ‘Socondary Offset” + ‘Calibration Ofsot’

Total Offet Calibration Offsat 1 [AVG
Py m=é,‘| ! |-5.5+ Calioration Offset 2 [(AVG) =304 Calibration Off=et HUM. (AWGE)

7o 3o 37.0

COMETrs PArNTIEES

F oos.0 Lidaln} 010,
I ora e 0240
d acta s} 50 0120
Ar Qo0 00 0040
t n nkila} 00 0002
df o] = 16

Table 7 Tamoer 23.0 £ 1.0, #2 35mm pefn dish and #1 glasse lid e, with Humidifying Moduwie heater.
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B. MICROSCOPE SETUP:

1. Our lab has a Motic inverted microscope equipped with epi-fluorescence.
It is placed next to the stage incubator components and to the computer
you will be utilizing to capture images and for time-lapse video. The
microscope has several objectives (4%, 10x, 20x and 40x).

Light source epi-

fluorescence
attachment

Stage

Objectives

Epi-fluorescence
attachment

‘ -
Power supply

unit
Light protective

shield
) Light switch on
Focusing knobs his i v f
Light (This is only for
intensity light microscopy
not fluorescence)
wheel

2. Once you have the stage incubator system connected place the incubator
chamber on the stage of the microscope. Once you have the chamber in
place your sample inside and close the top lid (Be careful with the screw
that keeps the lid in place). Make sure you sample is aligned with the
objective you are going to utilize.

3. Switch on your microscope's light source (if you are going to utilize
fluorescence you will have to turn on the power supply and not the light
switch- below is a diagram of the power supply) and then adjust the
diaphragm to the largest hole diameter, allowing the greatest amount of
light through.
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l Power lamp/ ready lamp

et —— . ———

0.0.0.0.0.

indicator

Run time indicator

Counter reset pad

Igniter button

Power switch

To turn on the lamp for fluorescence microscopy:

Set the power supply switch to
Press the ignition button on the power supply unit for 5-10 seconds
The power lamp/ ready lamp will light up to indicate that the power is
turned on

The power lamp/ ready lamp indicator lamp will start flashing briefly to
indicate that the lamp is stabilized

Press the rest pad below the run time counter on the power supply
The “run time” counter displays the elapsed time

Rotate the nosepiece to the lowest-power objective 4x. It is easiest to
scan a sample at a low setting, since you have a wider field of view at low
power.

Adjust the large coarse focus knob until the specimen is in focus. Slowly
move the sample to center the specimen under the lens, if necessary. Do
this by nudging the chamber gently with your fingers.

Adjust the small fine focus knob until the specimen is clearly in focus.
Then adjust the diaphragm to get the best lighting. Start with the most light
and gradually lessen it until the specimen image has clear, sharp contrast.
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7. Rotate the nosepiece to the 10x objective. Refocus and view your
specimen carefully. Adjust the lighting again until the image is most clear
(you will need more light for higher power). Repeat this process if you
want to utilize a higher magnification.

8. Once your sample is situated and focused turn on the stage incubator
system.

9. Turn on the computer and open MoticPlus 2.0 program. The manual for
the program is attached to this document. Set the parameters necessary
for imaging project (i.e. exposure, timelines, brightness, contrast, etc.)

10.Let you experiment run...once the experiment is done make sure to turn
EVERYTHING off, clean each component and place it where it belongs.
Cover the microscope.



Appendix Il

~4
OO
okolab

Electric CO; Microscope Stage Incubator

Manual

Ver 03/2008

122



The Electric CO. Microscope Stage Incubator (MSl) is the latest release in the family of our Top Stage
Incubators. It represents a one-button solution for long term experimentis. The same model fits all the XY
stages on the market, and it is suitable at the same time for high magnification micrescopy and multipoint

experiments.

The Eleciric GO, M5l is designed to maintain the desired temperature for cell cultures right on the inverted or
upright microscope stage. Digital thermo-regulators ensure high reading and confrol accuracy. The heafing
systems are powered at 24V DC. That improves the thermal stability, avoids electro-magnetic interference
with microscope or other devices electronic and ensures the safety. In addition, an alarm warns if the

temperature limit is reached.

The read temperatures and the set temperatures are at the same time displayed. It is possible to change the

set temperatures and the offset temperatures values.

A spacer adapter allows you fo load higher Multi Well into the chamber. Different Multi Well adapters are
available, fram & well to 96 well. Special design adapters support different configuration as 35 mm Petri dish,

60 mm Petri dish, Labtek and any flat support. Incubating chamber and adapter can be customized upon

request.
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Safety Motes

In order to achieve maximum performance and to ensure proper operation of yvour new equipment, caretully

read the following safety notes and the instructions. If you have any questions, please contact Okolab.

The equipment muzat enly be uzed az intended and as dezcribed in thiz Manual.

Equipment gheuld only be operated by technically qualified personnel.

Equipment and itz internal partz can be damaged by dropping and by shock.

Do not atart up the eguipment if the 2upply cable iz damaged.

Connect the equipment only to groundsd mainz power aocket.

Some equipment parts may reach temperatures above 50°C. Take care when touching it
Thig inztrument ig not infended for uge in locations subject to flammable or exploaive gazea.

Prevent throttiing and kinking of cables.

Check cables time to time for pozaible matenal vsage.
m  Thiz device iz not designed for uae under medical conditiona.
m  Prevent metal fragments or lead wire scraps from falling ingide inztrument case to avoid electnc shock, fire or malfunction.

m Do not uze a volatile solvent such az paint thinner to clean the ingtrument. Deformation or dizcoloration wall cccur. Uze a soff,
dry cloth to remaowe staing from the ingtrument.

To avoid damage to instrument dizplay, do not rub with an abrazive material or push front panel with a hard object.

Avoid rapid changez in ambient temperature which may cavse condenszation, avoid direct air flow from air conditioner,
expoaure to direct sunlight, excessive heat accumulation; do not cloze the air intake.

m  Avoid water, oil, chemicals, vapor or gteam zplazhes, excessive dust, zalt or iron particles.

Avoid excezanve indection noige, atatic elecricity, magnefic fislds.

Do not hold the plate by lead wires.
m Do not dizaszemble the plate.
Do not machine or hole the plate.

Do not dizconnect the cables while in operation.

We reasrve the right o make technical variationa.

International caution symbol marks this device. It is important to read the “Safety Notes”
before installing, using and commissioning this device, as the notes contain important
information relating te satety and EMC.

IN NO EVENT OKOLAE S.R.L. SHALL BE LIABLE FOR ANY DIRECT, INCIDENTAL OR
COMNSEQUENTIAL DAMAGES OF ANY NATURE, OR LOSSES OR EXPENSES
RESULTING FROM ANY DEFECTIVE PRODUCT OR THE USE OF ANY PRODUCT.

CAUTION- Risk of electric shock! Do not open the ‘Control Unit’. To prevent the risk of

electric shock, do not remove cover or back. No user serviceable parts inside.
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1. Device description

4)Humidifying Module

3)Pre-heating module

Figure 1. System Owerview

1.1. Overview

1.1.1. Temperature Regulation

The CO, Electric MSI regulates the specimen temperature by the combined action of two controllers acting
on the power dissipated by the electric resistances, embedded both in the base and in the lid of the

incubating chamber. Two temperature feedback mechanisms are available:

Chamber temperature feedback

In this configuration, the thermocouple reads the temperature of the incubating chamber. A careful
calibration performed in our laboratories guarantees that specimen temperature is maintained at the desired

value. The advantage of this solufion is that the themrmocouple is not visible since it is embedded into the
chamber.

Specimen temperature feedback

In this configuration, the thermocouple is a thin flexible green wire reads the temperature of a reterence well
placed in the incubating chamber, very close to the specimen. The advantage of this configuration is in the
accuracy of the temperature control. Simple manipulation is required to stick the thermocouple into the

reference well with some adhesive tape.
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1.1.2. CO: Regulation

CO, is mixed with air in the control unit and is continuously fed into the incubating chamber to control

medium pH. Upon request, a third gas can be fed into the incubating chamber.

1.1.3. Humidity Regulation

Humiditying and pre-heating module (on request] prevent medium evaporation and avoid water

condensation on glass and plastic surfaces

1.1.4. Software

Pead Temperature Scoftware is available on request to read incubator temperature and store the data in

computer memory.

1.2. Hardware details

1. Electrical Micro-Envirenmental Chamber + cover and plate adapter (it depends on request)

2 Control Unit. It contains two {or more, it depends on Control Unit model) Temperature Controller
and, from zero to three (it depends on Control Unit model) Gas Flow meters

3. Humidifying Module Heater {on request).
Humiditying Module (pay attention: FRAGILE)

1.3. Tubing details

1. #1 TUBE A: 4rmm ID silicon transparent tube mounting a Swift-Fit connector at one end, 1.3 m long

2. #1 TUBE B: It is composed of 2mm 1D silicon transparent tube (0.5 m long) connected to 4mm 1D
silicon transparent tube (0.5 m long) then connected to 8mm |D silicon transparent tube, 0.2 m long.

3. #2 (or more depending on model) white rigid tubes of émm OD, 3 m long
#1 blue rigid tube of 6mm OD, 2 m long

5. Pressure Gauge for CO- + regulator + assembly sfirrup
1.4. Cables details
1. #1 power supply cable

1.5. Accessories

1. Pressure Gauge tor CO. with regulator, degree of filtration 20pum and condensate drain (supplied)

2. Pressure Gauge for Air with regulator, degree of filtration 20pm and condensate drain (supplied on
request)

3. Pressure Gauge for O, with regulator, degree of filiration 20pm and condensate drain (supplied on

request: third gas Control Unit)
4. Free Fine Gauge Thermocouple (sensor, supplied with Specimen Temperature Feedback

configuration)
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imm thickness glass (for Multi Well plate configuration)

Screwdriver 325 0.5x3x75H
1.6. Equipment Required (Not supplied)

CO- resenvoir
Air reservoir (It can be substituted by a compressed air line)
O, resenvoir

Pressure reduction gears for O,, CO, reservoir and Air reservoir (or compressed Air ling) exit to be
ready for rigid tubes of Bmm OD

Pressure Gauge tor Air with regulator, degree of filtration 20pm and condensate drain (provided by
Okolab on request)



2. Connections

2.1.Tubings connection (air/O; and CO;)

Tube Bi:

d4mm 10

sificon t
nto akmm 0

black

InEwELNg

Tube

gnnm 10

sllicon ube

Tube B1:

lube B

ihe

ra Sarair
With pressure
reguator

lube B2 dmm I silicon tube

Tube &: dmm (D
silicon tube

P=1 atm,Tilterzd

_. (D P=1gtm, fillorad

O request

Comprezzed air
ine

Vath pressurs
regulator

@ P=1atm, fillered
—-EE | Whits it b

o

Figure 2: Complete gas lines scheme.




2.1.1. Gas reservoirs to Control Unit

Provide your system of CO, reservoir with safety valve and pressure gauge with pressure rigid tubes & mm
OD exiting {tor further details, please contact Okolab hardware support)

Provide your system of Air reservoir (Okolab suggests to use a compressed Air line) with safety valve and
pressure gauge with pressure rigid tubes & mm OD exiting

Provide your systemn of O: (optional configuration) reservoir, or compressed line, with safety valve and
pressure gauge with pressure rigid tubes & mm OD exiting

Mount the Pressure Gauge for CO- with regulator, degree of filtration 20pm and condensate drain (supplied)

Be sure that Air stream is FILTERED and with a STABLE Pressure Gauge otherwise mount another
Pressure Gauge for air with regulator, degree of filtration 20pm and condensate drain {non supplied, if you
need ask to Okolab for a prompt shipping)

Please use the white rigid tubes, 6mm OD 3 m long. {1. 2] to connect the conirolled (fitered and at P=1atm|
flows of air and CO. (O. optional configuration} from Pressure Gauges to the Control Unit. Simply push in
{until the end of run| the tubes into the Swift-Fit connectors (&ir IM and CO. IM on the rear of the Control Unit.
If vou want to remove the tube. please. pull the tube while pushing the black ring on the Swift-Fit connectar.
If you have other fiters or devices (i.e. filters for bacterial] insert them before final Pressure Gauges

Follow the arrow on the Pressure Gauge for the correct gas In-Out.

In order to aveoid gas leak and correctly insert the tube, please, strongly push the tube into the Swift-Fit
connector. {See Figure 4)

Figure 3: Pressure Gauge (provided by Okolab): Cormrect Gas input — Output.

Figure 4: Avoid gas leak: sfrongly push the fube info the Swift-Fit connector
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2.1.2. Control Unit to Humidifying module

Please connect the blue rigid tube, Gmm OD, 2 m long, fo the “Air + CO, Outlet”, from one side, and to the
Swift-Fit connector of the TUBE A (4mm ID silicon transparent tube) on the other side.

Figure 5 Connecting the blue rigid plastic tube

Pleaze, connect the free end of the TUBE A (4mm D silicon transparent tube) to the humidifying module 90°
glass connector.

2.1.3.  Humidifying module-Micro to Environmental Chamber

Tube B is the connection of:

a. 8mm ID silicon tube (0.2m} to connect to the 1580° glass connector of the Humiditying
module +

b. 4mm ID silicon tube inte a &6 1D black insulating Tube (0.5m) +

c. 2mm ID silicon tube (0.5m), vellow marked to connect to the aluminum barb conmector
placed on the Micre-Environmental Chamber.

IMBORTANT

Avoid narrowing of the tubes and formation of condensation inside them. Please, periodically check gas are

correctly lowing and tubes are properly connecied.

2.2.Heating and temperature cables connections

2.21. Control Unit front panel
EIEN

"h...:;-...-.. {7 Huarwdiy vk
2 _...---"‘l' | | \ |
3 Terger ) P
Control Unit 2

Figure &. Front panel

1. Display of Temperature 1.

« Chamber temperature feedback: it displays base chamber temperature and its set point temperature.

« Specimen temperature feedback: it displays specimen temperature and its set point temperature.
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10.

12.

Dizplay of Temperature 2. Tt dizplays femperature of the chamber id and s zef poinf femperafure.

Display of Humidity module temperature. Optional, provided with the Humiditying module Heater. It
displays Humidity module temperature and its set point temperature.

Dizplay of Peference Temperature (Alarm). In case of Specimen temperature feedback mechanism
it controls the maximum temperature allowed.

‘Heater on’ led: it ights when the heater is powered.

2.2.2. Control Unit rear panel

12,13, 14

2 |
|+ |
3
[+ |
[

Figure 7. Back panel

Heater 1 connection: for Base chamber heating
Fuse 1 box: # 1, 2.50 A Fast Fuse.

Themocouple connector T1

Chamber temperature feedback: for Base chamber temperature measuring and heating, OR

Specimen temperature feedback: for Specimen temperature measuring and chamber heating.

Heater 2 connection: for Lid plate heating
Fuse 2 box: # 1, 1.60 A Fast Fuse.

Thermocouple connector T2 for Lid plate temperature measuring and heating

Heater 3 connection: for humiditying module-heating (opfional).
Fuse 3 box: # 1, 1.60 A Fast Fuse.

Thermocouple connector H.M. for humidifying module temperature measuring and heating

Themocouple connector B.T. (Alarm)

Specimen temperature teedback: for temperature Base chamber temperature alarm function.

Serial port: (Supplied with Software Pead Temperature, opfional) to read incubator temperature and
store the data in computer memory.

Power fuse: # 2, 1 A Time Lag Fuse, 100-240 V AC.
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13. Power Supply connection.
14. Power Switch.

I Tip:  MNotice the correspondence  between the thermocouple

connector (T1, T2, and H.M.) on the rear of the control unit and the

labelz on the male thermocouple connectors.

2.2.3. Standard configuration {Chamber temperature feedback)

Humidifying Module

Heater (optional)

Figure 8 Complete cables scheme for Chamber confrol feedback configurafion
1} Base plate to Control Unit

o Connect the cables coming from the base to ‘Heater 1° and "T1" connectors on the rear of

the control unit.
2} Lid plate to Control Unit

o Connect the cables coming from the Lid to "Heater 2" and “T2" connectors on the rear of the

control unit.

3} Humiditying module heater to Control Unit {Optional)
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o Connect the cables coming from the humidifying module heater to ‘Heater 3 and "H.M."

connectors on the rear of the control unit.

3. Electric Chamber

Figure 9. Electric M5I overview, base plate and lid without adaplers

Figure 10: Electric M5I overview, base plate and lid with 6 Well adapter

Figure 11: Interchangeable plate adapters for 2 well, glass slides and 96 muiltiwell

The standard eguipmenis are:

1. Base
2 Lid

3. One couple base and lid adapters for Multi well plates, Petri dishes or glass slides.
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The optional equipments are:

1. Additional Body tor standard base._ It converts the standard base for short multi well plate into the
base for shallow muli well plates (22 mm|. See Figure 13

2. Base and lid adapters for 12, 24, 48, 96 well plate.

3. Base and lid adapters for 35 mm Petri dish, 60 mm Petri dish, Labtek and any flat support

4. Customized adapters upon request: please ask to Okolab for further details about accessories and

NMEwWs.



3.1. Electric chamber parts description

#4 of hexagon socket sat
screw M2.5 to allign the
incubator into the stage

[

Figure 12. Standard base

Long plastic screw
to fix the muki well

plat=

B Barb firting: humid gas IN
{YELLOW). 2 mm ID silicon

Figure 13. Additional body for standard base. Spacer fo increment the base vertical height

Remaove the barb fiting and insart the plastic o-ring

Couple of entry
holes plugged by
plastic screws

Figure 14, Standard base without barb fitting
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Motice the Additional body
has a correct: side: the
screws flaring is upwards

Figure 15, Put the Addifional body on the Standard base

Figure 16, Tighten the M2 screws

3.2. Add-Remove inserts

Unscrew [screw) to remove
(Fix) the insert. Motice the

inserts have a comect side: the
screws flaring is external

BE CAREFULL: DO NOT
UNSCREW the screws that are
on this level (also on the hidden
side)

Figure 17, Stage incubator base and iid inserts

You can easily change chamber configuration from Multi Well to Petri dish version by subsfituting base and
lid inserts. Please, in Multi-well configuration once fixed the multi well adapter {see Figure 17, to reduce
thermal gradient inside the chamber, put the 1mm thickness glass inside the chamber, from the top, on the
insert.
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4. Temperature control mechanism

The Okelab electrical stage incubation chamber is heated by miniaturized DC electrical resistances at low
voltage (24V). The specimen, contained in plastic or glass support for cells culiure, is maintained at 37.0C
thanks to a constant metal warming up ensured by controllers designed. To ensure a specimen temperature
of 37.0C both lid and base are maintained at a tem perature that depends on the ambient temperature and

the cells culture support used (Multi-well plate cre Petri dish).
The chamber control temperature can work in two different modalities:

1) Chamber temperature feedback:

In thiz configuration, the themmocouwple reads the temperature of the incubating chamber. A careful cafibration performed in
our |aborateries guarantess that specimen temperature iz maintained at the desired value. The advantage of thiz zolution iz

that the thermocoupls iz not vizible since it iz embedded inte the chamber.

a. Advantages:

= Easier than “Specimen temperature feedback” configuration to use

« Fast experiment start up w

H-H.‘*
« Well suited for multi user task
b. Disadvantage:

« It needs ot calibration in case of ambient termperature or incubation temperature (set

point temperature| variations

2) Specimen temperature feedback:

In thiz configuration, the thermocouple iz a thin flexible green wire that reads the temperature of a reference well placed in the
incubating chamber, very close to the specimen. The advantage of thiz configuration ig in the accuracy of the temperaturs

control. Simple manipulation iz required to stick the thermocowple into the reference well with some adhesive tape.

a. Advantages:

» Direct conirol of the specimen temperatu re‘@

+ |ndependence from ambient temperature
b. Disadvantage:

# It needs to set the controllers parameters by changing supports to optimized thermal

control (the parameter are provided by Okolab)

= Require skilled operator %g}
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4.1.PID controllers calibration (Calibration Offset)

The calibration was performed, the first time, in the Okolab lab. The calibration document shows the

‘calibration offset values’ (red) for every confroller (see Figure 18).

Once two years, it iz suitable to perform the calibration. Use the fine thermocouple sensor provided by Okalab, connected to Ti
thermocouple connectors (zee Figure 8 az senzor. Uze an accurate themostatic water bath, set to 37C | az reference temperatura.

St the Offzet temperature to 0, pleate ase paragraph 5.3
Pleaze, dizconnect the cables shown in Figurs 8
Inzert the fine thermocouple zensor (thiz calibration zenzor can be provided by Okolab) inta T1 connector [Figure 8]

Put the free end of the fine calibration zemzer in the water bath (in steady state and =et at 37.0C|. Pleaze, fix the
themocouple fo a support in order to maintain a constant pozition of the s2nzor in the warm water.

'Wait about 30 min to reach a atable temperature
Begister the femperature difference betwesn the water bath temperature (37.07C) and the dizplayed ‘“Te mperaturs 17,

Calibration Offaet 1 (@ T=37.01C| = (Tfwater bath zet to T=37.0°C] — Temperature 1| for Temperature 1> T {water bath|
or

Calibration Offzat 1 (@ T=37.0C| = - (Tiwater bath st to T=37.0C| =+ Temperature 1)  for Temperature 1< T (water bath|
Papeat the a=sguence for 30°C, 35T, 40T

Calibration Offset 1 AVG = Average (Calibration offeet 1 ((@ T=37.0C), (@ T=30.0C), (@ T=25.0T), (@ T=40.0T))

Inzert thiz calibration value az COSTANT offast (PW BIAS| to add (or subiract| in ‘Temperature 1' PID. See paragraph 5.3

Pleaze, after mater calibration, compare the temperature difference between the water bath zet point temperature [37.07C)
and the dizplayed termperature 1.

Substitute the new calibration value to the offeet 1 AVG (then offzet 2 AVG| reported in the Calibration document (zee
Pepeat for T2, HM. and alamm contreller

oW e
,.,1': e
okolab =5

Calibration document Cod-C0-E-MS1 001,08
g e e

el urst sl rumbar
et dew

FOTL
T T s L

)
PR A,
ST e IR LT3
T
1)
3T
-1
[ e wr e T | Ve wrowees ¥ R T0 | Takbreton T Mar [N00]
-
35
T
)
Thaclr L
Tha o 2
Tha o v .in
The plfsen Mewn =
Calbranad Soramensd
L

Figure 18: Calibration document, facsimile
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4.2. Chamber temperature feedback

In this configuration, the thermocouple reads the temperature of the incubating chamber. It ambient
temperature differs from 23T merg than 2T or the support plate changes, consider to modify the
parameters of the controllers T1 and T2 {*Secondary Offset’), in order to have the specimen at the correct
temperature. Notice that the parameters for the Humidifying Module heater (PID H.M.} are constant. The

calibration has been periormad in the Okolab lab.

4.2.1. Chamber configurations and controllers parameters

Notice the factory parameters depend on the plate adapter you order.

The default values are optimized for Tamwent 23.0 = 1.07 and active Humidifying Module heater. Anyway, the
controllers PID T1 and PID T2 parameters do not depend on Humidifying Module presence.

‘Secondary offset” values are calculated with the fellowing targets:
1. Specimen temperature 37 + 03 C

2 Avoid condensation on the lid glass

3. Improve the gas stream humidity level

Thanks to a new calibrafion (see 4.2.2), the customer can find new Secondary offset, at different set point

value andfor at different ambient temperature. Please, do not insert control parameters different from the

values reported in this manual for each configuration.

Standard & Well Plate

PID T1 FID T2 PID HM.
?sﬁ“’*' 7.0 7.0 7.0
Total Offsel’= Secandary Dffset’ + ‘Calibration Offset’
::? Offset | 4.3+ Calibration Offset 1 (AVG) -B.2+ Calibration Offset 2 [AVG) -3.0+ Calibration Offset H.M. [AVE)
comirollers parameters
[ 0100 D10.0 010.0
1 0240 0240 0240
d 0120 0120 0120
Ar 0060 D060 Q050
t D002 D002 0002
df 16 15 16

Table 1: Tampesr 23.0 = 1.0, standard & Well plate, with Humidify ing Module heater.
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PID T1 FIDTZ PID H.M.
??“M! 37.0 37.0 37.0
'Tolal Offset’= Secondary Offsel” + 'Calibration Offsel”
:—:;T Ormast -1L.9+Calibration Offset 1 (AVG) -5.9+ Calibration Offset 2 (AVG) -3.0+ Calibration Offset H.M. (AVG)
‘controliers pararmeters
P 20,0 020.0 0z0.0
I 0240 0240 0240
d 01290 o120 0120
Ar DED D060 L2
t a0z 0a02 onoz
df 15 15 16

Table 2: Tymwees 23.0 £ 1.0, standard 96 Well plate, with Humidif ying Moduwle heater.

#2 35mm petri dish and #1 glass slide

PID T1 FIDTZ PID H.M.
?sﬁ“hht 37.0 37.0 37.0
‘Total Offset’= Facondary Offsel” + 'Calibration Offsal”
:—:;T haa -L0+Calibration Offset 1 (AVG) =6.0+ Calibration Offset 2 (AVG) -3.0+ Calibration Offset H.M. (AVG)
controfiers parameters
P 0100 o0 010.0
I 0240 0240 0240
d 0120 0120 0120
Ar DED D060 L2
t 000z 000z 0oo2
df 15 15 16

Table 3: Temewn 23.0 £ 1.0, 82 35mm petri dish and #1 glass slid e, with Humidifying Module heater.

422 Secondary offset calibration with & well Plate configuration

The goal ig to increaze or decreaze the controlled metal cover and lid temperature 2o that the specimen is —“\\ ‘/’_
at the wished temperature (37.0 'C|. By meazuring the specimen temperature, during steady state |/f _/;'I -\Q

expenmental condition, the offzet value can be estimated. We uze one senzor to check the temperature,

e.g.. of the well 7 in a 6 well plate, az shown in the scheme. We fix the end of the fine sengor on the

imternal bage of the well using scetch tapes. Then, in order to zimulate a standard experiment we fill the {f_“\ I'/;\lr/d_\\
wells with water, inztead of the culure medium. |

Pleaze l\-_/)'\../“'k_j

1| Perform the cafibration in steady atate conditions. Pleaze, monitor the room temperature and reduce airstream to reduce the
forced comvection. Pleaze, pay attentien to the airstrearn coming cut frem air conditioner.

2| By uzing a femperature meter, provided of fine senzor (azk Okalab for further zupport), you hawve to monitor:
4. The temperatur=s in one well of the multi plate
In Figure 19 a plot, temperature vz. time, shows how to realize the temperature calibration. The ambient temperature iz abour 23 21 1T,
Let uz define:
1| FBaze Temperature = Temperature 1 [37.0°C) + ‘zec endary offset 1’
2| Lid Temperature = Temperature 2 (37.0°C) + “seco ndary offsat 2
3| ‘Secondary offeet 2' = ‘Secondary offeet 1" + 4°C, to avoid lid condensation

With theze assumptions the OMLY parameters to find iz ‘Secondary offzet 1" by making zome trials.
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FIRST TRIAL

As firat trial, we st “Secondary offset 17 =-2.0C (then ‘Secondary offzet 2' =-6.0TC|. In order modi fy the offast temperaturs [PV bias|,
pleaze, follow the paragraph 5.4.

The zyztem respense involves the well, after a tranzient; reaches about 34.17C, in steady atate. See Figure 19.
Set point 1 = Set point 2 = Set pamt value (SV): 37.07.

Secondary Offaet 1: -2.0°C, which correaponds to a baze temperaturs of 35.5 T,

Secondary Offaet 2: -6.0C, which corresponds to a basze temperature of 42.5 T

Then, the ‘Total Offaet 1" (PV Bias)= “Calibration Offzet 1 (AVG|" + “Secondary Offast 17 and,

m  The ‘Total Offzet 2° [PV Biag|= *Calibration Offzet 2 (AVG|" + ‘Secondary Offast 2°

m  Pesponas: well temperature 34.1C at Ambient tempe rature 23.0C.

Temmiatas Lt Tevmrsionp wheet 1

—

e, T

Traa Sy e

Figure 15. Temperature profies, Ambient 23.0%C, Se f point 37.07C and “Secondary offset 1'=-2.0T.
SECOND TRIAL

Mext atep will b2 to increaze the ‘Secondary offzst 1° (then, the Secondary offzset 2 = Secondary offeetl + 4%C) so that the specimen
temperature iz 37T,

We zet ‘Secondary offaet 17 =-4.2C (then “Secondary offzet 2° =-8.27T|. In order modfy the offeet te mperature (PY biaz|, pleaze, follow
the paragraph 5.4.

The zyztem responze involves the well, after a tranzient; reaches 37.0:0.3C, in steady state. See Fig urs 200
Set point 1 = Set point 2 = Sef point value (5V): 37.0TC.

Secondary Offast 1: -4.2'C, which correaponds to 2 baze temperaturs of 41.5 T,

Secondary Offast 2: -8.2'C, which correaponds to 2 baze temperaturs of 45.5 T

Then, the ‘Total Offast 1" (PV Bias}= ‘Calibration Offzet 1 (AVG|" + “Secondary Offast 1" and,

The ‘Tatal Offzet 2° [PV Bias|= *Calibration Offset 2 (AVG|" + *Secondary Offast 2°

Peaponze: well temperature 37.020.3C at Ambient t emperature 23.0°C.

Figure 20. Temperature profiles, Ambient 23.00C, Set poinf 37.07 and Secondary offsef 1=- 4.2,
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[t iz poazible to lizt the ‘Secondary offeet’ for different zpecimen temperature, at different ambient termperature, az shown in Table 4.

Secondary | Secondary
r*cl TP T omety | ome2
(1 rel
20 2.0 -2.0
330 s -32
3.0 05 -4.5
230210 as0 -1.7 -5.7
o temy 1 %0 -0 T
R 55 -85
o &7 -10.7
20 14 -256
330 (1] -4.0
340 -1.4 54
[0 29 59
190 = 1.0
360 -3 -8.3
70 57 -7
a0 -7l -11.1
m\|ao 8.5 -12.6

Humidifiying Modwe heater.

Pleaze, ask to Okolab for further info or visit www.okao-lab com|.

Tahle 4: Secondary offset estimated value: exirapolsted valwes from frend fines equafions. Configurafion; standand & Well adapler, with

Sfandard values are poinfed out (specimen temperafure 37T
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4.3. Specimen temperature feedback

In case you wse ‘Specimen temperature feedback” configuration (please see paragraph 7.2 for connections),

you need to insert the following set of parameters in the controllers. Pemember the controllers parameters

depend on cells culture support.

Standard & Well Plate

FID T1 = Specimen Terg.

PIDTZ

PID H.M.

FID Alarm

Set Point
[E1)]

37.0

370

370

Total Offset’= Facondary Offsat’ + 'Calibration Offset”

Total Offset Calibration Offset 1 (AVG)
L'l oy )

| -5.5+ Calibration Offset 2 (AVG)

-3.0+ Calibration Offset H.M. [AVG)

conirofiars parameters

P 0050 0Ln.0 0L0.0
0720 0240 0240

d 0300 0260 0120

ir D060 0060 0060

t oaLo 0002 0002

df o3 08 1&

Standard 96 Well Plate

Table 5 Tympeny 23.0 = 1.0C, standard 6 Well plate, with Humidify ing Module heater.

PID T1 = Spescimen Temp. PID T2 PID H.M, PID Alarm
?sa“w 7.0 37.0 37.0
Totsl Offest’= Sacondsry Offset’ + 'Calibration Dffset”
{T:’;' OeTieet c,_;“"”ﬁl‘“ migml 4.0+ Calibration Offset 2 (AVG) | -3.04 Calibration Offset H.M. [AVG)
‘controliers parameters
[ 5.0 010.0 020.0
1 o720 0240 0240
d 0300 0260 0120
Ar 0050 0050 0060
1 005 00z 0002
af [ 08 16

Table 6 Tamuen: 23.0 £ 1.0, standard 96 Well plate, with Humidif ying Module heater.

#2 35mm petri dish and #1 glass slide

BID T1 = Specimen Temp. PID TZ PID HIM, FID Alarm
?gr}m 370 7.0 7.0
Total Offset’= Secondary Offset’ + 'Calibration Offset’
E:’;" Offeet | Calibration migmy | -5.54+ Calibration Offsst 2 (AVE) | -3.0+ Calibration Offset H.M. [AVG) |
canrtroflars paranmeters
[ 0050 0100 010.0
0720 0240 0240
d 0300 0260 0120
Ar D060 0060 0060
1 010 0002 0002
df oa o0& 16

Table 7. Tympen 23.0  1.0C, #2 35mm peiri dish and 1 glass slid e, with Humidifying Module heater.



5. Controller description

5.1.Display functions

(1 (2) (3)

664

EGIRCH VvV A

B R

(7) (6) (3) (4)

Figure 21. Display description

The gray background indicates previously set parameter or unnecessary function. For further information see
the digital contreller manual {see Appendix). The following steps show all the necessary function for a correct

use of the instrument.
1. Measured value (PV) display [Green]
& Displays PV or various parameter symbols.
2. Set point value (SV) display [Orange]
@ Displays 5V or STEP Set point value (SV1, SV2).
& Displays various parameter Set point values.
3. Indication lamps
m  Auto tuning {AT) lamp [Green]|
& Flashes during auto tuning activated.
& (After autotuning is completed: AT lamp will become OFF)
m Output lamps (OUT1, OUT2) [Green|
& OUT1: Lights when output 1 is turned on.
& OUT2: Lights when output 2 is turned on.
m STEP set value (SV2) lamp [Orange]
@ Lights when the 5V2 of STEP function is selected.
m  Alarm lamps (ALM1, ALM2) [Orange]
& ALM1: Lights when alarm 1 is turned on.
& ALMZ2: Lights when alarm 2 is turned on.

4. UP key

& Increase numerals.
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5. DOWN key

& Decrease numerals.

6. Shift & A/S key
@ Shift digits when settings are changed. Selects the BUN'STOP function.

7. Set key

& Used for parameter calling up and Set point value registration.

& Please, before medifying the PID parameters, carefully read the following instruction andfor the

linked Digital Controller SA200 Instruction Manual

5.2. Set point temperature and Offset temperature range

The offset is a calibrated deviation that forces the read temperature of the meter in order to calibrate the

instrument.

Set point ternperature range 3045

Offzet termn perature range -15=5

Tcentrolled={Set point temp)-(Offset temp)

5.3.Change the Set point temperature

The default set point value is 37.00C.

(1} (2 (3

1. Select the SV setting mode
Press the SET key (7) at PV/SV monitor screen until 5V setting screen is
displayed.

2. Shift the blinking digit
Prezs the <P/S key (6] to blink the digit to change. The blinking digit indicates

which digit can be set.

3. Change the Set point value
Press the UP key (4 and 5) to change the number.

4. Store the Set point value

Press the SET key (7] to store the new Set point value.

5 Come back to PV/3V display mode "
Press SET key (7) for few seconds or leave it and the display automaticalky :
returns to the PV/SV display mode.
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5.4. Change the offset temperature

The value set in the PV bias is added to the input value (actual measured value) in (2

fo comrect the input value. Default parameters are at paragraph 4.2.1.

Pressing the SET key after the setting end shifts to the next parameter.

1. Select the Parameters setting mode
Prezs the SET key (7] at PV/SV monitor screen for 2 seconds.
2 Shift to the next parameter.

Press the SET key (7] until Pk (PV bias).

3. Change the offset value
Prezs the UP key (4 and 5) to change the number.

4. Store the Set point value

Press the SET key (7] to store the new Set peint value.

b Come back to PV/SV display mode
Press SET key (7] for few seconds or leave it and the display automatically T B 05

returns to the PV/SY display mode.

5.5. Stop the controller

1. Shift & RIS key (6 in Figure 21. Display description) . M @ &
& Click 2 seconds to selects the RUN/STOP function.




6. Flow Meters regulation

6.1.Two Flow meters Control Unit

IMBORTANT

Do not use the flow meters as closing-opening valves. Once regulated the flow rate (at P=1bar, see Error!

Reference source not found., use the flow meters caretully only for fine regulations.

Open the gas valves about 15 minutes before inserting the specimen in the Micro Environmental Chamber.
Please, follow carefully scheme in Figure 2: Complete gas lines scheme.

o
fs

B Target

Target Gas Percentage Gas flow rate valuss to set

[9%] [NI/min]

Air COy Air COs Total
95.00 5.00 0.30 0.04 0.84
95.00 5.00 1.00 0.05 1.05
95.00 5.00 1.20 0.06 1.26

Table 8. Flow meter reguiation, two flow meters confrel unit. [N! = normal liter]
Tip » If you need, ask Okolab for personalized Gas Percentage Tables. <

Tip » Same color is equivalent to same gas percentage. -

Gas Percentage’ indicates the stream gas percentage that the operator wants during the

experiment.

m ‘Gas flow rate values to set’, in Normal liter per minute [NL/min|, are the values of gas flow rate to set
on the graduated scale (zee Figure 22).

B ‘Total indicates the measured total gas stream flow rate.

fo

Example » The target Air percentage is 95.00%, the target CO: percentage is 5.00%. In
Table 8§, three possibilities that realize the required gas percentage are. Nofice that the
values are a compromise between CO. consumption, condensation (normally it decreases it
Total gas stream flow rate increases), medium evaporation (normally it decreases it Total
gas stream flow rate decreases). We could consider the second line in Table §. S0, we
regulate the two flow meters to obtain the desired relative quantity of air and COs, as shown
in Figure 22. Notice that the comrect pesition of the indicator (ballj iz about in its middle. The
gas stream mix contains, now, 95.00% of Air and 5.00% of CO.. «
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010

EHe—- |

+— 02 —— .02

Figure 22. Flow meters graduafed scales, example for two gas lines.

If you use a single reservoir of air+5% CO, the total gas steam flow rate suggested is 0.8 Lmin.



6.2. Three Flow meters Control Unit

IMPORTANT

Do not use the flow meters as closing-opening valves. Once regulated the flow rate (at P=1bar, see Error!

Reference source not found., use the flow meters carefully only for fine regulations.

Open the gas valves about 15 minutes before inserting the specimen in the Micro Environmental Chamber.

Please follow carefully scheme in Figure 2: Complete gas lines scheme.

Target Gas Percentage Gas flow rate values to set

[%:] [Mlfmin]

AirfNy | COs | Oy Other AirfN, | €Oy | Oyf/Other | Total
1 | 95.00 | 5.00 [ 0.00 0.80 0.04 | 0.00 0.84
2 | 95.00 | 5.00 | 0.00 1.00 0.05 | 0.00 1.05
3 | 95.00 | 5.00 | 0.00 1.20 0.06 | 0.00 1.26
4 | 5400 | 5.00 | 1.00 1.70 0.09 | 0.02 1.81
5 | 93.00 | 5.00 | 2.00 0.90 0.05 | 0.02 0.57
6 | 93.00 | 5.00 | 2.00 1.30 0.07 | 0.03 1.40
7 | 92.00 | 5.00 | 3.00 0.90 0.05 | 0.03 0.98
8 | 92.00 | 5.00 | 3.00 1.30 0.07 | 0.04 141
9 | 91.00 | 5.00 | 4.00 0.90 0.05 | 0.04 0.99
10 | 91.00 | 5.00 | 4.00 1.10 0.06 | 0.05 1.21
11 | 90.00 | 5.00 | 5.00 0.70 0.04 | 0.04 0.78
12 | 20.00 | 5.00 | 5.00 0.90 0.05 | 0.05 1.00
13 | 20.00 | 5.00 | 5.00 1.10 0.06 | 0.06 1.22
14 | 89.00 | 5.00 | .00 0.90 0.05 | 0.06 1.01
15 | 88.00 | 5.00 | 7.00 0.90 0.05 | 0.07 1.02
16 | 87.00 | 5.00 | 8.00 0.90 0.05 | 0.08 1.03
17 | 86.00 | 5.00 | 9.00 0.70 0.04 | 0.07 0.81
18 | 86.00 | 5.00 | 9.00 1.00 0.06 | 0.11 1.17
19 | 85.00 | 5.00 | 10.00 0.70 0.04 | 0.08 0.82
20 | 85.00 | 5.00 | 10.00 1.00 0.06 | 0.12 1.18
21 | 84.00 | 5.00 | 11.00 0.80 0.05 | 0.11 0.96
22 | 83.00 | 5.00 | 12.00 0.80 0.05 | 0.12 0.97
23 | 82.00 | 5.00 | 13.00 0.70 0.04 | 0.10 0.84
24 | 82.00 | 5.00 | 13.00 0.80 0.05 | 0.13 0.98
25 | 81.00 | 5.00 | 14.00 0.60 0.04 | 0.11 0.75
26 | B0.00 | 5.00 | 15.00 0.60 0.04 [ 0.12 0.76
27 | 79.00 | 5.00 | 16.00 0.60 0.04 [ 0.13 0.77
28 | 78.00 | 5.00 | 17.00 0.50 0.03 | 0.10 0.63

Table 9: Fiow meter reguiafion, three flow meters control unit. [Nl = normal liter]
& Tip » If you nead, ask Okolab for personalized Gas Percentage Tables.
£ Tip » Same color is equivalent to same gas percentage. «

/2 Tip » The first three lines, pink-colored, is the two gas lines case. «

m Target Gas Percentage’ indicates the stream gas percentage that the operater wants during the

experiment.

m “Gas flow rate values to set’, in Mormal liter per minute [NL/min|, are the values of gas flow rate to set

on the graduated scale (see Figure 23).
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B Total indicates the measured total gas stream flow rate. =

& Example » The target Air/M. percentage is 91.00%, the target CO, percentage is 5.00%,
the target O./Other percentage is 4.00%. In Table 9 two possibilities that realize the required
gas percentage are in the ninth and the tenth line. Notice that the values are a compromise
between gas consumption, condensation {nomally it decreases if Total gas stream flow rate
increases) and medium evaporation (normally it decreases if Total gas stream flow rate
decreases) and max percentage error. We could consider the ninth line in Table 9. S0, we
regulate the three flow meters to obtain the desired relative guantity of gas, as shown in
Figure 23. Nofice that the correct posifion of the indicator (black sphere] is about in its
middle. The gas stream mix confains, now, 91.00% of AN, 5.00% of CO, and 4.00% of
O/Other. -

Air Nz Coz Cr=iOther
1.7 013 013

—_— i

i0 - o

T i i
— T e

4+— 02 —— 0oz —— oAz

Figure 23. Flow meters graduated scales, example for three gas lines.

7. Electrical Microscope Stage Incubator USE

Depending on the system modality vou choose (please, read carefully paragraph 4) follow the next
instructions:

7.1.Chamber temperature feedback

7.14.1.  Multi well adapters

Once fixed the multi well adapter (see Figure 17}, to reduce thermal gradient inside the chamber, put the

imm thickness glass inside the chamber, from the top, on the insert.

1. Insert the multi well plate in the chamber with the specimen. {See Figure 24)
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Long plastic screw
to fix the mult well
platz

Figure 24: Chamber femperaiure feedback: 6 well configuration
2. Block it screwing the white plastic screw (Figure 12 and Figure 24).
3. Switch on the Control Unit.

4. Close the Chamber Base with the Lid.

7.1.2. Petri dish adapter (technically qualified personnel)

1. Insert the Petri dish adapter into its designed place then block it by using metal clip. (Figure
25).

Figure 25: Petri dish adapter into its designed place

2. Switch on the Control Unit.

3. Close the Chamber Base with the Lid.

7.2.Specimen temperature feedback

To switch to this configuration, ONCE changed the confroller parameters, starting from chamber temperature

coenfiguration, remove the temperature sensor from "T17 cennector (rear of Control Unit) and insert it in "R.T.”

connector. Insert in connector “T1°, the free temperature sensor (tagged "SPECIMEN") as shown in Figure
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T
26. The end of this sensor has to be properly inserted in the reference well. Please read carefully, the next

paragraphs.

2 Motice: In this configuration the chamber Base tempersture depends directly on the measured
temperature in the reference well. Do not switch on the Control Unit if the free temperature sensor
(tagged "SPECIMEN") is not in the comect configuration, which means in the reference well as
shown in the next paragraph. In case of OVERHEATING the Alarm rings and limits the base

temperature.

Humidifying Module

Heater

REFEREMCE WELL

Figure 26: Compiete cables scheme for Specimen confrol feedback configuration

7.21. Multi well adapter

Once fixed the multi well adapter (see Figure 17}, to reduce thermal gradient, put the 1mm thickness glass

inside the chamber, from the top, on the insert.

4 Scheme 1:



a.

b.

c.

Use a multi well plate ditfferent from the one where you will load the specimen, just to
control the temperature during the start up of the experiment (reterence Muli Well

plate}.
Ingert it in the Stage Incubator.

Stick, using any common adhesive tape, the loose end of the Fine Gauges
Themocouple (sensor) to the bottom one well (reference well). Notice to leave the

end of the sensor out of the adhesive tape. (See Figure 27).

r—

e
N

| e
-\.

Figure 27: Specimen femperalture feedback: & well configurafion, particular.

d.

Fill the reference well hosting the thermocouple with distilled water, then close the
Mulii Well plate with its own cover and the Eleciric Micro Environmental Chamber,

that fits the microscope stage, with its own lid.

Prepare the specimen in another new Multi-Well. Pemember to leave one of the

wells for the Fine Gauge Thermocouple.

Remember to stop the controllers before open the incubator, to avoid

temperature overshoot, then re-start once vou close the Electric Stage Incubator.

See paragraph 5.5,

Once the system has reached a temperature close to 37C (i.e. 36.7C, see below),
remove the thermocouple from the provisory Multi-Well, and substitute the reference
Multi Well plate with the Multi-Well plate where you have loaded your specimen.

Inserting the thermocouple in a Multi-Well plate: the reference well

Start the system tellowing the next instructions:

I Notice: Every time you start the Electrical Microscope Stage Incubator REMEMBER to monitor for

10-20 minutes the "Temperature 17 and "Temperature 2" to understand if everything was ‘well

done’.

Switch on the Control Unit.
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Stand by the controllers “Temperature™ 1 and “Temperature 2" by clicking for 2 seconds <F/S button. The

message ‘Stop’ will appear.
Close the Chamber Base with the Lid.

Start the confrollers "Temperature” 1 and “Temperature 2° by clicking for 2 seconds <PY'S button. The current

measured temperature will appear.

J» Motice: Every ime you open the Electrical Microscope Stage Incubator REMEMBER to stand by

the controllers "Temperature 17 and "Temperature 2" to avoid temperature overshooting.

J2 Remember to fill the reference well with enough water: the end of the fine gauge thermocouple HAS
to be under the water lever, If this condition is not respected, could be present thermal instability in

the thermal profile.

5. Follow the scheme 2: Minimize contamination.

j. Getfreethe Thermocouple sensor:
k. Disconnect the Thermocouple connector from the control unit.
. Prepare the Multi-Well plate under sterile wood.

m. Stick, using any common adhesive tape, the loose end of the Fine Gauge
Thermmocouple (sensor) to the bottom one well (reference well). Notice to leave the

end of the sensor out of the adhesive tape.
n. Fill the reference well hosting the thermecouple with distilled water
o. Prepare the Multi-Well plate

p. Fill the space present among the well of the Mulii-Well plate, in order to improve the
gas saturation, with disfilled water. Please remember to control the distilled water

level in these interstitial spaces before starting and during the experiment.
gq. Close the Multi-Well plate with its own lid, always under sterile wood.

r. Cuwickly, come back to the microscope with the specimen and the Fine Gauge

thermocouple.
s. Open the Eleciric Stage Incubator.

t.  Insert the multi Well Plate in the Stage Incubator that fits the microscope stage. Let

the thermocouple cable pass between the Stage incubator cover and basis.
u. Close the Electric Stage Incubator.
v. Connect the thermocouple connector in position T1 according to paragraph
w. To fix the Multi-Well plate turn the white plastic screw as shown in Figure 12,

®. Start the system following the next instructions:
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5 Notice: Every time you start the Electrical Microscope Stage Incubator REMEMBER to monitor for
10-20 minutes the "Temperature 1" and "Temperature 2” to understand it everything was “well

done’.

Switch on the Control Unit.

Stand by the controllers “Temperature® 1 and “Temperature 2° by clicking for 2 seconds <R/S button. The
message “Stop’ will appear.
Clese the Chamber Base with the Lid.

Start the controllers "Temperature® 1 and “Temperature 2" by clicking for 2 seconds <P/S button. The current
measured temperature will appear.

J* Motice: Every time you open the Electrical Microscope Siage Incubator REMEMBER to stand by
the controllers "Temperature 17 and "Temperature 27 to avoid temperature overshooting.

J* Remember to fill the reference well with enough water: the end of the fine gauge thermocouple HAS
to be under the water lever, If this condition is not respected, could be present thermal instability in
the thermal profile.

7.2.2. Petri dish adapter

1. Stick, uging any common adhesive tape, the loose end of the Fine Gauge Themmocouple
(sensor) fo the boeftom one well (reference well]. Notice to leave the end of the sensor out of
the adhesive tape. (Figure 28).

Figure 28- Sensor placement and fixing

2 Insert the Peiri dish in its designed place then block it by using metal clip.
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3. Fill the reference well hosting the thermocouple with 4 ml of distlled water, then close the
Petri dish with its own cover to avoid water evaporation.and the Electric Micro Envircnmenital
Chamber, that fits the microscope stage, with its own lid.

Figure 258 Petr dish [reference well) placement

4. Start the system

/7 Motice: Every time you start the Electrical Microscope Stage Incubator REMEMBER to monitor for
10-20 minutes the "Temperature 1% and "Temperature 27 to understand § everything was ‘well
done’,

Switch on the Control Unit.

Stand by the controllers “Temperature™ 1 and “Temperature 2° by clicking for 2 seconds <R/S button. The
message “Stop” will appear.

Chose the Chamber Base with the Lid.

Start the controllers “Temperature” 1 and “Temperature 2° by clicking for 2 seconds <RSS button. The cument

measured iemperature will appear.

/3 Motice: Every time you open the Electrical Microscope Stage Incubztor REMEMBER to stand by
the controllers "Temperature 1” and "Temperature 2” to avoid temperature overshooting.

/7 Remember to fill the reference well with enough water: the end of the fine gauge thermocouple HAS
to be under the water lever. If this condition is not respected, could be present thermal instability in
the thermal profile.
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21. Wab tar and o

in case you requesisd on liee support andior web confersnce assisiance for system assembing and sxperment suppori, you recehed a
web cam. Please tolow these rules o receive 3 good senice:

m  ‘Webcam insSallation {instruction and Cd rom Includesd)

m Last M3N Messenger @ instaled (waw. mencomi

m Fegisier yourssif on was.msn.com b have an account (42N passporty

m Setthe aedio and video and ==t e using M3HN Messenger.

m I you have problem wih MEN Messsnger you can chooss Sxype B software (e YD ooen b,

m  Conisch our technical support (s ERdledBoko-ab,comb by e-mal b ke an appoiniment for e web asssiance.

22 Teohnloal Support

Flease, do mot hesiabe to contsct Okcdab should you nesd any further commeroial infsmation or iechnical =uppart

Fiease, check Okolab web SBe Wiy ok o-1a Tom for news, svents, new products and general FAZ.

For COMMERCIAL EUPPORT: anzamfioko-iab.com
Fhone +35 081 806 2624
Fax: +35 081 876 4410
Mabile: +33 3488 9EBOT 17
For HARDWARE SUPPCRT: siblloffoko-ab.com
Fhone +35 081 806 3470
Fax: +35 081 876 4410
Maoble: +35 248 BEROT 12

Fubiished by Ckolsb Sl Vis G, O Prisco, 152, 80040 Otavwlana (MA], ITALY

8.). Technical Specifications

2 yctemn Epecoationc

HAumibieni i=mperaiure range 20C+30T (23T suggested |
Chamber te=mperature range IETHE0T

Specimen temperalure rangs 3T above ambient Eemper ature by 45T
Regime temperatuns Time: about 40 min

£ 03T ichamber emperaturs fesdback]
Regime Temperature Stabiity

+ [.2°C (spacimen emperatue fesdback]

2=k poink value rangs 45
Ofset value range “15=5
Weight About 400 g (it depends on configuration)

Frecision fine wire tharmoooupies: Bype K; Chmmaga-Alemega.
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8.4. Troubleshooting

Incomect operations are ofien mistaken for trouble and maffunctions. F you think that there is something

wrong with a component, check the points below. Sometime the trouble may lie in another component.

Investigate the others components, electrical appliance. If the trouble cannot be rectified even after

exercising the checks listed below, ask Okolab Technical Support.

Symiptom

Frobable cause

Remedy

Supply cable disconnected

Properly connect the cable

Deyice off Supply cable damaged Substitute the cable
Replace the fuse (see Technical
Blown fuse
Specifications)
Themocouple cable
Property connect the cable

No temperature displayed

disconnecied

Thermocowpke cable damaged

Contact Okolab fo receive assistance

Specimen temperature differ
from set point

Ambient temperature too bow or
too high

Reguiate the ambient temperature

Change the Offset value

Chamber Base and Lid cobd

Lizw 52t point value

Change the set point

Heater ' andlor cable
disconnected

Connect the cable

Heater ¥ andior cable damapged

Contact Okolab o receive assistance

Resistances damaged

Contact Okolab fo receive assistance

Alarm rings (for specimen
temperature feedback)

Charmber Base at high
temperature (for specimen
temperature feedback)

Quickly shoot down the control unit
and properly set the systam. Pleass,

chech below

Chamber Base at high
termperature {for specimen

temperature feedback)

Control thermocouples

connection

Check the connection schems

Ciamaged thermocouple

Ask Okolab for replacement

Sensor out of the reference wel

Froperly set the reference wel

| check the previous
troubdeshooting but | cannot

solve the problem

Contact Okolab to receive

assistance
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